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FOREWORD

The Chief of Engineers, in a letter dated May 2, 193%8, directed that
a conference be held in the Boston Enginecer District on June 17-21, 1938
under the direction of Colonel A, K. B. Lyman, Distriet Engineer, for the
purpose of planning an investigation and research program on Soils and
Foundation mroblems of concern to the Department.

Captain James H. Stratton, Corps of Engineers, was designated to act
as Chairman of the conference, and Mr. T. A. Middlebrooks of the office
of the Chief of Enginecers as Recorder. Professor Arthur Casagrande of
Harvard University, Dr. Glennon Gilboy of Massachusetis Institute of
Technology, and Mr. Irving Crosby, geologist, were engepged as consultantsg
to assist the delegates in the formulation of a program. Dr. Arthur C.
Ruge, assistant professor of Engineering Seismology at Massachusetts
Institute of Technology, Dr. M. Juul Hvorslev, research engineer for
the American Society of Civil Engineers, Mr. D. W. Taylor, assistant
profegsor in Soil Mechanics, Masgeachusette Institute of Technology, and

Dr. J. P. Rutledge of Purdue University, also participeted in the con-
ference.

~ The first two days of the meeting were deveted to a review of the
investigations and studies of cohesionless soils by the Boston District
and with the presentation of the results of investigations and studieg
of scil problems at Harvard University and Massachusetts Institute of
Technology, The last two days of the conference were utilized for
digcussion by the delegates of the problems pertaining to a specific
research program. The papcers presented to the delsgates on the first
two days and fthe record of the discussion by the delegates on the last
two days are reproduced in this volume.

At the date of publishing these proceedings the following action on
the recommendationg of the conference has besn taken by the Office,
Chief of Engineers. '

D A circular letter is being vrepared on the dis-—
semination of information.

b. A meeting was held in Washington in Januery,
1939 to outline the ressarch work to bz done
in the immediate future.

. Investigation of s0il sanmpling method and squip-
ment has been started and Dr. Hvorslev has been
employed as 2 consultant in this connection.®

e

Plans are being made to ingtall the necessary
hydrostatic pressure cells or piezometer tubes
in all the Deparitment!s dams.

. Plans are being made for holding ancther Soils
and Foundations conference next year.
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INTRODUCTORY . REMARKS

_ By _
Colonel A. XK. B. Lyman, C. %.
District Brngineer, U. 5. Engineer Office, Boston, Mass,



INTRODUCTORY REMARKS BY COLONEL A. K. B, LYMAW

I take this opportunity to welcome the representatives of the
various Districts and Divisions in the Engineer Department and
other guesste present to hear the results of the investigations of
the cohesionless goils to e used in the construction of the Franke
lin Falls Dam. These studies were conducted by Dr. Casagrande for
the Boston Distriet. In addition to Dr. Casagrande, you will hear
from Dr. Gilboy, Dr. Hvorslev, Mr. Taylor, and Mr. Horton of the
Boston District, who will discuss the subjects on the program.

The Engineer Department delegates have been advised of our
program for Sunday, Monday and Tuesday. On Sunday there will be a
stag excursion to the (ape Cod Canal, This excursioen will, I hoépe,
serve as a warming-up period for our conferences on Monday. and
Tuesday, when we will discuss an investigation and research pro-
gram for the Engineer Department, This excursion was not planned
solely for the purpose of providing recreation., It is not our in-
tention, however, to deprive you of any pleasure you may derive
from it. I would like to feel as a result of our trip to the.
Canal that we shall all become vetter acquainted and that some
understanding of each other's problems will develop.

The problems attendant to the compaction of the cohesionless
soils proposed for use in the Franklin Falls Dam were recognized
by the Boston Distriet when exploratory cperations were come
menced. It was natwal that we should have turned tn Dr. Caso~
grande for advice, since he had but very recently published his
findings on his investigations of fine cohesionless soils. The
investigations ars well described in the Doctort!s report and will
be digcussed more fully by him at this conference,

The Franklir Falls studies conducted by Dr. Casagrande produced
results even of greater value in their general application than
their immediate importance to this project. The development of the
tri~axial compression machine giwes us » new tool for the investige~
tion of the stress-strain characteristics of sands and opens the
possibility for wider knowledge of the stress—~strain relationship
in other soils. It appears guite probable from an examination of
the laboratory results to date that the tri~axial machine may rew
place the direct shear machine and further our knowledge of the
shearing strength of soils. It is of these matters that you will
hear further from the gentlemen who are to follow me.

The word "research® connotes to many people a delving into the
mysterious, Certainly we wonld not dispute thig definitlon as ap-
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plied to the physicist splitting the atom. As a practical people,
we are prone to think of the laboratory as something apart from the
Job rather than an adjunct %o it. Necessity and experience, how-
ever, have led the scils ard foundation engineer into the labora-
tory. This necessity of which I speak does not have its origin in
the desire of abstract kmowledge but rather arises out of the real
need for a hetter understanding of our perplexing s¢ils problems.
The field and laboratory research, which is prompted by a compelling
need, more often than not pays real and immediate dividends and adds
measurably to the general knowledge.

Research with a purpose, such as that conducted in the field
and in the laboratory on the Franklin Falls scils, isessential if
we are to refine our engineering guesses. The result of opening our
minds to the importance of thorough laboratory and field investiga-
tiong has been a new appreciation of the problems which confront us
in our foundations and in the vse of soil as a construction mater-
ial, The factor of Judgment has not heen displaced by soils re-
search. Judegment fortified with an understanding of the stresses
and strains which act in earth structures or are created by engine
eering structures on soil foundaticns is more than ever a regquire-
ment of the soils and foundation engineer. "Experience! is merely
a single word definition for an accumulation of useful lnowledge.
You note I say "aseful." Mere exposure %o engineering activity is
not sufficient for the engineer specialiging in soils and soil
foundations., He must keep abreast of the times by current reading,
and by study and observation of the technique and practices of
others. This requirement or demand on the enginecr bas become in-
creasingly important in engineering, and is particularly important
in the flood control engineering in the Engineer Department, We
find the best sites for dams have been taken for other purposes,
leaving us comparatively little choice as to location. As our
choice narrows, our problems in foundations and the materials for
construction multiply. The complexity of these problems demands
more and more from the engineering profession. A rare opportunity
is afforded the engineer who is permitted %o attend conferences
such as this one. Today you are exposed to the influence of recog-
nized leaders in the field of soils and foundation engineering,

The advances which have been made in recent years in this field of
engireering are in no small measure the results of the work of the
gentlemen who will address you. They will open their minds to you,
and, in fact, place themselves completely at your mercy for cross
examination during the discussion periods. I hope that the results
will be of great value in the future work of the Department in the
field of soils and foundations.
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THE SHFREARING RESISTANCE OF 30ILS AND ITS RELATION
TO THE STABILITY OF EARTH DAMS

by

Arthur Casagrande
Harvard University
Graduate School of Engineering
June 17, 1938

INTRODUCTION

In a few days it will be just two years ago that the
first International Conference on Scil Mechanics and Fcocun-
dation Wngineering gathered in this hall, Some of you at-
tended this Conference and you know that it was very success-
ful and that its influence was reflected in many countries
by the formation of new organizations for the promection of
research in soil mechanics and for the dissemination of
knowledege in this field. Let me express the hope that this
Conference of the U, S. Engineer Denartment will be, within
its more iimited scope, at least equally successful.

The problems in TBarth Work and Foundation Engineering can
be divided roughly into two major groups which often overlap
to a certain extent. In the first group we are primarily in-
terested in the deformation of a mass of soil under the in-
fluence of moderate stresses which are well below the strength
of the so0il., 4 typlcal problem of this sort is the settlement
analysis of a building resting on c¢lay. While the settlements
as such may be large and may even cause gerious damage to the
building, we have no right to speak of failure of the soil.

It is simply that the building has not been designed to with-
stand the settlement due to volume changes and deformation in
the underlying comnressible soil.

The other main group of problems concerns the safety
of a mass of so0il against overstressing, that is, against fail-~
ure of the scll either due to plastic flow or rupture. In
these problems, therefore, we must study the shearing resis-
tance of the soil. For after nll it is the ghearing resistance
of soils which makes it possible to found a structure on,
or to build an embankment of, a mass of individual mineral
grains which are not cemented together. We cannct attempt
to use water for this purpose because it has no shearing



resistance. On the surface dry beach sand also seems to have very
little shearing resistance. However, it is of fundamental impor-
tance that sand accumulates shearing resistance in proportion to
the loed which we apply, or which nature has applied in the form of
cverburden. There is no better way to illustrate this point than
by a simple experiment which mogt of you have seen before.

We prepare a rather soft cushion by placing dry sand into a
rubber bag. Then we remove most of the air with a fewstwmwkes of a
hand-vacuum pump which we have connected to the bag, and we find
that the bag has turned into a hard stone. When we let the air in,
the bag again assumes its soft condition. The explanation is very
simple. By removing the air we have applied pressure (the differ-
ence between the atmospheric pressure and the small pressure of the
air inside ‘the bag) on the sand. This pressure, with which the sand
grains are pressed together, creates frictional resistance between
the grains, or resistance to deformation. This resistance in-
creases in direct proporiion to the pressure between the grains, as
was shown already by Coulomd in the eighteenth century. It is this
simple law of friction which, in the last analysis, makes it pos-
sible for a mass of non~cementsd mineral grains to carry the load
of a building, The deeper the footings are carried beneath the
- ground surface the larger is the pressure, and consequently, the
. larger the frictional resistance between the grains. In addition
to the weight of the overburden the weight of the building itself
contributes to the pressure between the sand grains, and thereby to
an inerease in the "bearing capacity! of the ground.

The forces which produce pressure between sand grains may be in-
visible to the cagual observer., For example, you have all noticed
how differently the ssme sand will behave depending on whether it is
dry, moist, or submerged. The‘d%y sand appears loose, at least on
the ground surface. We say it has no cohesion, because the grains
do not adhere to each other. In the dry state, or when submerged,
the sand offers little resistance on the surface and your foot will
gink in an iach or two. But near the edge of the water, where the
sand is moist, your feet will hardly create an impression., You can~
rot drive an automobile on Adry or submerged sand, but the moist sand
of Daytona Beach is an ideal race course. In this cage it is the
invisible capillary pressure which presses the grains together and
mobilizes the frictional resistance necessary to carry fairly heavy
loads,

Another type of force which cannot be seen, but which is of par-
ticular importance for the stability of dams and dam foundations, is
the force created by percolating water within o mass of soil, the
so~called seepage pressure. 1 can demonstirate this force by the fol-
lowing experiment: a tank is filled with fine sand and equipped
with a filter at the bottom so that water can be made to flow through
the sand in an upward direction, or drained in a downward direction.

A2



The main purpose of such a tank is to demonstrate the nature of
gquicksand, and it is, therefore, called a quicksand device. For our
purpose we £ill this tank with water so that there are a few inches
of free water standing on the surface of the sand. As long as the
water in the sand does not flow in any direction we have to deal
with ordinary submerged sand. If we try to excavate a pit in the
sand we notice that the sides will not remain standing at an angle
steeper than the angle of rewose. In fact, for fine sand and rapid.
excavation the angle will be considerably smaller than the angle of
repose because the water which is trapped in the voids reduces the
friction between the graing by carrying part of the load, as will
be explained later. If then water is allowed to percolate in an up~
ward direction, we notice that the sides of the excavation begin to
flatten until finally the entire excavation disappears. A guick-
gsand condition develops if the upward vercolation of water is suf-
ficiently increased. On the other hand, if the water is allowed to
drain through the sand in a downward direction, then it 1s possible
to make an excavation with vertical sides, and even with overhanging
slopes if sufficient care is exercised. However, as soon as the
flow of water is stopped, the sides of the excavation will cave in
and the hole may disappear entirsly.

I have found experimentation with the quicksand device a most
instructive aid in connection with teaching soil mechanics. The
last-mentioned experiment especially provokes the curiosgity of
students and usually they are not satisfied until they fully under—
stand this phenomenon; that means an understanding of the mobilizg~
tion of frictiomal forceg by the pressure bhetween the grains, re—
gardliess of the source of these forces,and also an understanding
of seepage forces and their possible effects on the soil., And I
should like to add here that I have seen not only students and lay-
men, but expericnced enhgineers and scientists who were ctartled by
these simple experiments.

MOHR'S CIRCLE OF STRESS

Perhaps some of you will begin to wonder why I dwell with such
1l ength on these elementary aspects. It is because I have found that
these simple facts are only too easily forgoiten when dealing with
more intricate problems. Since we have gathered here to discuss the
shearing resistance of soils and considering how divergent the view-
points are on thig subject and how incomplete, at least in my opin-
ion, our knowledge of this subject is, we might just as well start
with the simplest terms, and also review various tools which we need
ir. our studies, so that we may be abdble to talk the same "language"
vhen it comes to the discussions, One of the tools which is indis.
pensable in our studies of the shearing resistance ofsoils (be it in
the evaluation of our laboratory investigations, or in the design of
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.our structures) is Mohr's Cicle of Stress, or simply the Stress Cir-
cle as it is often called, and Mohr's Theory of Rupture,

- Let us consider the stresses in a body which is exposed to ar-
bitrary forces. If we wish to visualize the forces at a given
point, we may assume a plane which goes through the point and then
consider an infinitesimal square surroundlng the point in this
plane, The resultant force acting on this small area will, in
general, be inclined, and we can resolve it into a nrormal and tan~
gential component, 3y expressing this force per unit of area, we

_ arrive at the normal stressq@ and the tangential or shearing
. stress ' acting in this plane at the given point. If we let

the plane rotate we shall arrive at different values of & and T
. for different positions of the nlane.vﬁlccordlng to principles of
mochanics there are three planes vhich Are pérpendicular to each
other| for which the shearing components are zero,v’@nereforo, the -
resultant strésses on- these threc planes are identical with the
normal components, Of these three one is the largest and one is
the smellest of the stresses on all possible planes.: They are
¥nown as the major and the min~r principal stresses;cyl andffzn.

The third stress has an internediate value and it is called the
intermediate principal stress, (gzr . *3 :

For our further consideration we agsume a case in which the
stresses vary only in twe dlfﬁétlons, a two~dimensional condition.
If we know for a given point the magnitude and direction of the
major and minor pr1n01pd1 stresses, we can easily compute from the
conditions of equilibrium (see any good textbook on strength of
materials) the normal and shear compenents acting on any other
plane which makes an angle € withh thne direction of the major
‘principal stress:

& ::_Qgilzglgiéga - G

ré?'c;Jz: Cag 2 X 5

!
. | (1)
.:_ . E?’ :.ngégmészrr S 22 o | -j

The quickest way for solvirg thece equetions, ard at the
game time tiue most wseful for the visualization of siress condi-
tions, is by mesns of tne graphical method which was suggested by
0. Mohr over fifty years asav. For tnis purypose we plot in Fig.
A-1C on a horizental axis(y, and lT‘ and draw a circle through
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these points A and B with its center 0 on this axis. Then we plot
the given angle O( at point A and intersect the resulting line
with the circle, arriving at point M. Since the angle MOB ig
equal to 2°(, according to the rules of geometry, it can easily
be seen that the abscissae and ordinate of point M are identical with
‘the equations (1): Hence, the coordinates of any point of the eir-
cle represent the normal and shearing stresses on a plane which
intersects the direction of the major principal stress under the
angle € . One can also readily see from Fig. A-~1l that the inter~
section of this plane with the minor principal stress must be de-
termined by the angle MBA = /5 . Thue, if we consider the prism
shown in Fig. A~l4, with the major principal stress parallel to
the @ -—axis, the line AM becomes parallel to the plane for which
wo wish to know the stresses. However, if the minor prinecipsal
. stress is placed parallel to the (5 -axis, as shown in Fig. A-1B,
then the line BM will be parallel to the plane for which the
_stresses are represented by the coordinates of point M.

The cirele of stress shown in Fig, A-10 represents a relation—
ship of equilibrium of forces and is generally valid., However, it ’
does not tell us whether for a given material the stress condition,
ghown by Mohr's circle in Fig. A-1{, represents a safe or even a
possible condition. For this purpose we must know something about
the shearing strengtih of: the material. Let us assume that we have
succeeded in determining, either by means of direct shear tests
or triaxial compression tests; the strength characteristics of the
material and that we have represented the shearing strengths for
various normal pressures p by the s-p curve shown in Fig. A-2. Now,
we superimpose Mohrts circle of stress from Fig. A-1C¢ onto Pig. A-2
simply by using the p-axis also as the ¢ -axis, and the same for
s and Z° . Since s and p sre really normal and shear components,
guch a procedure ig entirely logical., Suppose that cirele "IY in
Fig. A-2 corresponds to the circle shown in Fig. A-1C. Then we
could immediately conclude that the stress condition at the point
under consideration is safe because not a single point of this cire
¢le comes even near the limiting s~p curve: There is, in other words,
not a single plane through the given point on which the stresses are
approaching the strength of the material, If we keep the minor prin<
cipal stress constant and gradually increase the major principal
stress, we arrive finally at a circle "II" which will be tangent to
the s-p curve., TFor thig circle there is obviocusly one plane on which
the normal and shear stresses have just reached the condition of
failure. Therefore, failure will take place along this plane which
is determined by the anglecxwz hetwsen the failure plane and the

major principal stress. It is also obvious that it will not be
possible to increase the major principal stress further, e.g. to
reach the stress circle #III", because for that circle there are a
number of planes in which the ratio of shearing sitress.over normal
stress exceeds the maximum value which this material can stand.



Since every strsss circle at ‘the moment of failure must be tan~
gent to the g-p curve, we can conclude that the s-p curve must be
the envelope of all the stress circles corresponding to failures
Hence, we can determine the s-p curve, or rupture line, as it is
often called, by making a serieg of triaxial compression tests
starting the tests at different minor principal stresses, as shown
in Fig. A+<3,  If the material has cohesion, we can uge also the
plain compressive and tensile strengths of -the material because
Jbhey are represented by circles which are tangent to the s-axis;
gince thelr minor principal stresses are gero, See Fig., A-3,

line may have different shapes. In the most general case i
curved, with a definite wvalue of the shearing strength a
normal pressure, which is called cochesion. 7Fig., A-3 shows such a
curve, which we find for example for concrete. For steel the rup-
ture line is practically parallel to the p-axis, Fig. A-Y4, so that
compressive strength and tensile strength'are almost identical.

In this case, rupture will take place under 45° planes.

A cohesionless sand has a rupture line which goes through the
origin, and is practically a straight line, as shown in Fig. A-5K.
Such a material has no shearing strengih under zero normal pres-
sure. If the minor principal stress is known, the major principal
stress is found from the following equation: ‘

) \
0‘; = J"EI X Tan " (45 ’}'%/

N (2)

which is a purely geometric relationship. The slope of the rup-
ture line is determined by the angle which is known as the angle
of internal friction. The inclination of the planes of rupture
with the major and minor principal stresses are (45 - $/2)° and
(45 + $/2)9, resp., which can be derived geometrically from Fig.
A-~B. It should be noted that the shearing stress on the planes

of failure is S = g+ (1+Sin @ + T AP, that

is less than the maximum shearing stress which always occurs on
the 450 planes.

EFFECTIVE AND NEUTRAL STRESSES

So far we have tacitly assumed in our discussion that the nor-
mal pressures are entirely carried by the mineral structure of the
soil, or, in other words, that they are "effective stresses.” When
applying stresses to a two-phase system consisting of mineral
graing and water, it is by no means certain that the stresses which
we apply on a mass of such material will be entirely carried by the
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solid phase. Quite often a substantial part of these stresses is
temporarily carried by the water in the voids, thereby not mobilig-
ing any shearing resistance. This part of the stresses is there-
fore known as "neutral stresges.™

1f we wish to analyze the shearing strength of =z mass of soil,
be it & small test specimen in the laboratory or the mass of a large
earth dam, we must always start with an investigation of the effec-
tive stresses and of their possible change in the course of time.
Only if our analysis is based on the effective stresses can we hope
to arrive at an intelligent answer to our problems. If we are
satigfied to use the total stresses in our computations, then we
shall never be able to understand the many conflicting results ob-
tained with ghear tests on fine-grained soils, and our designs based
on such assumptions may be worse than no desizn at all.

From these remarks it becomes clear that we must know the rela~
tion between volume of a mass of soil and applied stress, and its
permeability. 1In other words, we must know its consolidation char-
acterietics if we wigh to determine how much of the external forces
will be carried by the vore water in the form of neutral stresses,
and how rmuch will be effective stresses which produce shearing
strength., It should also be evident that we cannot hope to arrive
aft any intclligent resulte if we take a correct s—p curve and apply
it to the total stresses in the dam or dam foundation. If it is
difficult to determine the percentage of effective strosses, as it
frequently is, we must at least introduce an intelligent estimate
cf what thig percentage might be.

TESTS ON COHESIVE SOILS WITH VERY SLOW LOAD APPLICATION.

Let us analyze what happens in a triaxial compression test in
vhich we allow plenty of time for volume adjustment to take place.
See Fig. A-h. We expose & soil sample to an all around pressure

of T and walt until all excess water ig draived from the sample,

Point A in Fig. A~HD. When this condition is reached all external
forces are acting in the solid phase, i.e., they are effective
stresses, while the neutral stress in the water would correspond to
the original hydrostatic pressure in the stand pipe. Now we add a
small increment of load in a vertical direction only, and wait until
the volume of the sample has adjusted itself to this new stress,
Fig. A-BA. We repeat this process many times, always keeping the
neutral stress at a very small amount., Finally, the additional
stress in a verticsl direction will reach a critical valuve; the ul-
timate shearing sirength of the material will be reached and the
gsample will fajl either due to plastic flow or rupture. Plastic
flow occurs when the stress-~strain curve shows no drop, or only an
insignificant drop, after the maximum resistance is reached, and



rupture occurs when a considerable drop in resistance occurs after
reaching the maximum resistance.

During this entire process of increasing the major principal
stress the volume of the sample was reduced from e!, Fig. A-6D,
and at the moment of failure it had reached a certain ¢ ip COT-

min
responding to point C.

Since the method of testing was such that the external and
effective stresses were nearly identical at all times, we deter-
mine the angle of internal friction of this material simply by
plotting Mohr's circle of stress, or by computing the angle from
the following formulas

By e
tar Y45+ ;'5”’: Tor + Pmas_ 01
- Tr T4

This ig the procedure which we followed in most of our triaxisl’
. compression tests described in the report of the Boston Engineer
Office- . . 2

In all our congiderations we have not mentioned the inter-
mediate prineipal stress. It 1is known from recent investigations
by Terzaghl that the magnitude of the intermediaste principal stress
influences the strength of the material. In other words, the
angle of internal friction would be a maximum if the intermediate
principal stress is equal to the major principal stress, and a
minimum 1n case it is equal to the minor principal stress. How-
ever, the difference betwesen these extremes is rather smell.
Furthermore, the usual type of triaxial test is made with an in-
termediate principal stress equal to the minor principal stress,
that is for the most conservative case.

TESTS ON COHESIVE $SOILS WITH FAST LOAD APPLICATION, l.«

in nature, when we deal with a large mass of soil, the time
required for volume changes to take place is so very much largerf dand
than in the laboratory that full development of effective
stresses cannot always take place even for sandy soils. Perhaps
the best way to understand what is happening in such a case is to
analyze the mechanice of a quick triaxial compression test with-
out drainage provisgion, so that the velume of the sample remains
congtant during the entire test.

We assume again a cylindrical sample consolidated under a
hydrostatic pressure, corresponding to point A in Fig. A-RD, Dut
without any provision to facilitate the drainage by a pervious
core. Then the vertical pressure is rapidly increased until



failure occurs. If the stress condition at failure is now analyzed,
the effective internal stresses and the total external stresses
mast be rigorously separated, Since this materizl was not al-
Tewed time to consolidate under the asdditional stress p, this ad-
ditional stress is entirely carried by the water in the pores of
the sample, Fig. A-7C. Since pressure in the water is acting in
all directions with the same intensity, the pore water will now
balance a2 horizontal force p, so that only the difference

( §Fp -p) of the horizontal force will act as effective horizon-

tal stress in the solid phase of the sample. Now, the internal
equilibhtium is disturbed, because the horizontal effective stress
eorresponds to a larger void ratic. Thersefeore, the sample will
adjust itself slightly, expanding in the horizontal divection
and, contracting in the vertical direction, such that the total
volume of the void space will remain the same., A very slight
amount of horigontal expansion or "swelling" is sufficient to re-
sult in a large drop in the horizontal effective siress, due to
the typical shape of rebound curves (see e.g. Fig. A-RD, dotted
rebound curve through point A). The corresponding shortening in
the vertical direction will correspond only to a small increase
in the vertical effective stress. On the other hand, the change
in shape of the sample is meking it mere compressible, with the
result that the effective stresses in both directions are de-
creased, so that the net result will usually be a slight decrsase

in effective vertical stress ( Tm - p!) and a substantial de~

crease (G“;W ~ p") of the effective horizontal stress. The stress

in the pore water, the neutral siress, will therefore be equal %o
A p"=p+ p's Thus, if the effective stresses are plotted in
Mohr's diagram, the full drawn circle in Fig. &4-7F, and the cor-
responding true angle of internal friction ¢ are obtained. Or, if
the true angle of internal frietion were known from previous in-—

vestigations, thern the gquantities T and the increase p in

vertical stregs at the point of failure would permit the determina-
tion of p! and p". On the other hand, if the effective stresses
are not considerad, but the total major and minor principal
stresses at failure are merely plotted, the dotted cirele and the
corresponding apparent angle of internal friction #! are obtained.
This apparent angle of internal friction may be one~half of the
true angle of intermal friction, and cven smaller,

CCMPARISCY BETWBEN QUICK AND SLOW TESTS ON COHESIVE SOILS,

While, theoretically it is, therefore, quite simple to deter—
mine the quentity p! by means of quick and slow triaxial compres—
sion tests, there are several technical difficulties which compli~
cate the problem., If the quick test is carried out too fasi, the
shearing strength increases due to the addition of some viscous
effect. On the other hand, if the test is carried out at a slower
rate, a certain amount of consolidation takes place and the re-
sults are again too high.



In a series of tests on an undisturbed,lean clay, performed
at various lateral pregsures, the envelope for the slow tests was
a straight line through the origin with an average angle of in-
ternal friction of 35°30'., The quick tests gave an apparent
angle of internal friction of 17950! which is larger than the
theoretical value of 15°40' corresponding to the case when two
circles in Fig. A-~7 are tangent. Hence, instead of a positive p!,
we find that the two circles overlap slightly and that p'! should
be negative. It is apparent that consolidation during the quick
test, or some other factor, is responsible for these results. Per-
haps the use of the large triaxial apparatus which we have Just
finished and which will permit the testing of samples eight times
the volume of the small samples, will lead to more satisfactory
test results,

\\L The relationships shown in Fig. A-7 hold true as long as a
shear compression test is carried out at the same pressure to
which a sample was consolidated. Then we find that fine~grained
seils have a tendency for wvolume decrease during the tests, which
in the case of quick tests leads to accumulation of pressure in
the pore water and a corresponding decrease of the effective
stresses., However, when a sample has first been consolidated to
a higher pregsure than the pressure at which the compression or
shear test is carried out, then we observe frequently the tendency
for expansion. If a gquick test is carried out on such an over-
consolidated material, the tendency for expansion produces ten-
sion in the pore water and additional pressure between the grains.
In other words, the effective stresses are actually increased if
compared with those which develop during a slow test. A quick
shear or compression test on an overconsclidated material, such as

is freguently placed in earth dams, yields a shearing sitrength
which is much larger than the shearing strength which will be ef-
fective after & number of years have passed and the so0il had a
chance to adjust itself to the permanent pressure.

The above gtatements are not intended to convey the impres—
sion that overcommaction of cohesive soils, as is customarily prac-
ticed, is in itself dangerous. Deliberate overcompaction has not
only the advantage that it facilitates the construction of a dam,
but that the dam will always have a greater resistance against
rapid changes in stresses. On the other hand, these advantages
are insignificant in relation to the dangers involved when the de-
gsigner assumes that the shearing strength of the compacted soil
will exist permanently in the dam, regardless of the effective
stress which will be active when the reservoir is full,

THE COHESION OF CLAYS.

For the quick shear or compression test on an cverconscli-
dated soil we may develop a similar diagram as in Fig. A-TF. The
effective minor principal stress will be in the extrems case
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equal to (G}i + ﬁ? ). There is, however, one complication for

cohesive soils. If a clay is overconsclidated, there remains a
slight amount of shearing resistance in excess of the valuve
which one obtains by direct loading. It is the so-called co-

~ hesion. As I mention cohesion of clays ] hasten to add that we

are entering the most controversial and least understood chanter
of soil mechanics.

In the past the usual progedure for determining the shearing
resistance of clay was by means of direct shear tests using a
standardized technique {e.g. a test lasting about one hour).

When consolidation was gstarted at the liquid limit and the shear

tests were performed under the same load teo which the sample was

congolidated, the s~p relation was found to be a straight line
through the origin. However, when the clay was preconsolidated
(e.g. undisturbed clay, or stiff remolded clay which owes its
strength to capillary pressures) and is tested under normal pres—
sures less than the preconsolidation lead, then the s-p curves
were vsually found to be anproximately stralight lines intersecting
the s-axis at a positive value which was termed cohesion, and ine
¢lined at an angle wihich was designated as the angle of internal
friction. While there is no objection to the mathematical ex-
pression of such test results by means of an equation of the

form s =oc + p.tan $, it is entirely wrong to assume that these

" quantities ¢ and 4 are soil constants. Neither ¢ nor § in this

relationship are constants but vary widely depending on the method
of testing, the consclidation characteristics of the soil, ete.
Since we do not know what effective stresses were acting during

- the test, 1t is not wossible to compute from such results, obtained

with an arbitrary technigue, the true angle of internal friction
of the matérial. If we look at the various methods which have
been used and are still used for determining the "constants' c

and ¢, and if we aralyze the procedurcs which were followed in the
use of these constants in the design of dams, etc., we must admit
that there is no more truth in them than in a fairy tale.

It is only during the last few years that progress was made
in our understanding of the cohesion and the angle of internal
friction of clays, chiefly through the researches by Professor
Terzaghl and Dr, Hvorslev, and it appears that the theoretical
aspects are now fairly well undersiood. However, in my opinion
there is £ti1ll extensive experimenial research needed before we
will xmow with sufficient certainty how large the really permanent
cohesion in a remolded and preconsolidated clay is, after ex-
vosure to very much smaller normal siress and considerable shear-
ing stresses. It is my opinion that the permaneat cohesion, on
wnich we can still count after fifty or one hundred years, is
cnly a small percentage of the shearing strength which is mobilize
on the wirgin compression branch. Therefore, I have in the past
recommended using in the stability analysis of dams only that
shearing resistance on which we can count for certainty, and allow
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the true cchesion as an additional safety factor., Such an ap-
proach has ameng others the advantage that it simplifies our
analysis very much and that no serious mistakes can be made if,
in addition, only thé permanently effective stresses are taken
into consideration.

I do not wish to recommend to arny one that he should discon-
tinue whatever method of analysis he has employed in the past.
But I 4o believe that if he follows the above method, as an ad-
ditional independent approach to his problems, he will arrive at
a better understanding of the possible range within which a sa~
tisfactory solution will lie. After all, we should always keep
in mind that in thg practical application of soil mechanics we
shovld never attempt to give one definite answer to a problem,
‘as e.g. in the computation of the bending of a beam, but our
solutions should congist of a range within which the true value
- will probably lie. And to determine this range it will usually
be necessary to emmloy not one apprcach but at least two differ-
ent ones.

PROGRESSIVE SHEARIKG ¥FAILURE OF CLAYS.

Next to the question of cohesion of clays, it is the pro-
gressive shearing failure of clays about which our knowledge is
entirely inadequate. I believe that this is a field in which
model research, combined with accurate determination of the
stress—-strair characteristics of the materials used in the model
tests, has good posgibilities for the advancement of our knowl-
edge. A study of this problem is closely linked with another
aspect of dam desizn on which we know all too little, namely, the

~stress distribution within the dam and its foundation.

REMARKS ON THE FORCES ACTING IN EARTH DAMS.

» The most important force acting on a dam is the actual
weight of the soil of which the dam is built. Since the weight
of the overlying scil in the dam changes from point to point due
to the triangular cross—section, shearing stresses are created
in the dam which increase with its steepness and height, If the
soil in the dam had no shearing strength, or if for some reason
the shearing strength were suddenly reduced to a small value, the
mass wonld flow laterally and spread like a liquid, However, if
the dam does stand up as it was buily, it vroves that the actual
shearing resistance within the mass iz equal to the shearing
stress produced by its weight and other forces which are acting
on the dam. ' :

Since the shearing resistance of the soil in the dam is

chiefly mobilized by the weight of the material in the dam, that
is, by the force of gravity, and since this force is also
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trying to destroy the structure, we have the peculiar situation
that the same force is ftrying to destroy, and at the same time
mobilizing the resistance necessary to prevent disruption.

This double action of the force of gravity is confusing not only
te students but often misunderstood by those who design such
stractures.

The problem of determining the stress distribution within
a dam is really a very complicated one. Depending on the type
of foundation the stresses in the dam may differ widely. So far
we have been satigfied to make very simple assumpticns which may
deviate considerably from the truth. ZRessarch on this question
by means of thueoretical studies, model tests, and observations in
the field, is nesaded to throw additional light on this important
problem. In the absence of reliable information on the stress
“distridbution ir the dam it is essential t0 make two different
limiting assumptions which, to the best of our kmowledge, will
include the true range in which the stiress distribdution will
fluctuate in the course of time,

STABRILITY OF UPSTREAM SLOPE DURING RAPID DRAWDOWN.

Many existing earth dams with relatively impervious mater-
ial on the upstream side would fail if exposed to a rapid draw
down., This, of course, is not as dangercus as a failure when
the reservoir is full., Such a condition may arise if a dam is
built of & cohesive soil and well compacted with modern compac—
tion equipment. In this state the material will possess a cone
giderable shearing strength, particularly when exposed to a
quick shearing test. A stability analysis, for example, carried
out by means of the Swedish method of cylindrical sliding sur—
faces, may give, for the proposed slope of say one on 2.5, & suf-
ficlent factor of safety. In fact, it may be felt that even a
steeper slope would be safe. It would indeed be safe if this
shearing strength produced hy artificial compaction were a per-
manent quantity; howewer, it is anything but permanent. This
sherring strength is maintained by capillary pressure, and it
will be permanent only if the weight of the overlying mass will
eventually produce the same shearing resisisnce. If this weight
is much smaller, then in the course of years this material will
swell and reduce its shearing strength until it eventually will
reach almost that value corresponding to the virgin compression
curve and the psrmanent stress at 2 given point. In other
wordg, the initial degree of compaction creates only a temmorary
shearing stirength which is not necessarily malntained by the dam
itself. The reliance upon the original shearing strength produced
by the compaction creales an entirely false sense of security.

I do not mean to gay that I am against thorough compaction: I
merely say that we must not assume in our atability analysis the
shearing strength produced by compaction, but only the shearing
resistance agsured in the future by the dimensions of the dam.
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Otherwise a dam is obtained which is very safe when constructed:
but, with time, decreases in strength until failure may occur
during a drawdown. In general, the safety of dams constructed
largely of clay soils is very small compared with the safety of
dams whose ocuter sections consist of cohesionless goils. I
would even go so far as to eay that in most cases sand on a
slope of one on 1.5 is much safer than clay on a slope of one on
three, or even one on four. Yet, when the customary slopes
used in earth dam design are compared, it is found that there is
little difference between the sloves used for sand and gravel,
even rock, as compared with the slcopes for cohesive soils,

Now, when I make this statement, I should gualify it by say-
ing "properly compacted sand," because a mass of loose sand on a
slope of one on 3 or Y4 may, under certain conditions, fail.

STABILITY OF COHESICNLESS SANDS.

It has been observed in a few cases that a mass of cohesion~-
less sand placed in an embankment at an angle considerably below
the angle of remose, and this sand being saturated with water,
has suddenly flown out due to some disturbance, particularly vi-
brations. This type of flow fajilure differs from the crdinary
shear failvre. In a flow fallure the shearing sirength of the
mass is reduced suddenly to a small ¥alue and this reduction af-
fects not cnly a narrow gone but an extensive mass.

Accumulations of mountain debris, essentially a heterogeneous
mixture of sand, and coarser stone fragments, are alsc apt to
start flowing like a stream of lava during periods of saturation.
This type of glide is called "Muren" in the Alps where they have
been the cause of sericus losg of life and property, Similar
debris slides occur also in other mountains, ‘

The mechanics of flow slides is fairly simple. We know that
a mass of sand exposed to deformation will expand when in a dense
state and will reduce its volume when in a very loose state. I
can demonstrate this to you by putting sand into a rubber bulb
and connecting it to a stand pipe. When we vibrate the sand into
a cdense state and then vress or deferm the dDuldb we observe that
the water in the stand pipe 1s drawn dovnward. However, if the
sand is placed into the buld in a very locse state, or if worked
into a loose state by rotating the hulb, we observe that a de-
formation of the buld will cause the water level in the stand
pipe tc rise,

if a deformation is produced in loose, fine sand, it de-
creasés in volume. When the voids are filled with water and the
mass is large, i% will take some time for the excess water to es-
cape. Therefore, the weight of the mass, or at least part of it,
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is temporarily carried by the water in the pores, while the pres-
sure between the grains, the effective pressure, is reduced a
corregsponding emount; consequently the shearing strength of the
material is reduced in the same proportion. As a result, the
mass will change into z semi-liquid state and start to flow out.
This flow may be arrested presently by the drainage of the excess

-water, as occurs in model ezperiments in the laboratory, or on a

large scale it wmay continue until an entire embaniment has
spread out so far that it has practically disappeared.

It is true that such occurrences are very infrequent, but it
is equally true that many existing dams have never been exposed
to & serious disturvance, and that a serious eartiquake might
cause the failure of such dems the upstream sections of which
consist of fine or medium sands in a rather loose state, I like
to compare such dams, consisting of loose sands, with a pencil
standing on the table. As long as the trble is not Jarred, the
nencil will remain standing. But once a disturbance causes it
to move slightly, it will continue to fall of its own weight.

On the other hand, when the sand in a dam is compacted to a dense
state the dam compares with a pencil suspended at its point.

When a disturbance moves the pencil from the position of
equilibrium, it will return into the original position of its

own accerd., In the same manner, when a dam consisting of dense
sand is seriously disturbed, the tendency for expansicon within
the sand couses tension forces in the water or an increase of

the effective stresses, and therefore an increase in the shear-
ing strength. The mass scems to be bracing itself against the
movement by mobilizing s higher shearing resistance than was
acting before the disturbance was created,

The boundary between the range of porcosities in which ex~
pansion or volume decrease occurs, is called the critical
porosity (also critical demsity or critical void ratin). This
critical value is not a constant but decreases with incrensing
pressure, g0 that the necessary degree of compaction is
greater in the hegvier loaded section of the dem, The determing-
tion of the critical porosity by means of triaxial compression,

" tests is discussed in detail in the report by the U. S. Engincer

Office in Boston, entitled "Compaction Tests and Critical Density
Investigntion of Cohesionless Materials for Franklin Falls Dam, "

and dnted April 1, 1938, (Note: During the Conference the re~ -
sults of these investigations were presented in several additional
lectures, and the triaxial compression test was demenstrated. )

The results of the Franklin Falls field compaction tests
showed that for the sands investigated there is no difficulty in
obtaining the required degree of compaction by means of modern
compaction machinery. It is entirely feasible to go far beyond
the required degree of compaction., While this is not necessary
from the standpoint of safety, it may be recognized as a method
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for cutting down the cost of such dasms. But before these
savings can be made use of, there are larger savings to be ef~
fected when we realize that the slopes which are generally re~
quired today for outer sections consisting of cohesionless
materials are far beyond those required from the standpoint of
safety, except where the strength off the: foundation is inade-
quate. We should keep in mind that flattening slopes does not
necessarily mean increased safety. When an understanding of
the necesgity for proper compaction of cohesionless soils is
realized, we shall see very much steeper dams built than are
built today. Of course, this does not apnly to dams congist-
ing chiefly of clay or dams built on soft clay deposits.

Another way in which a dam may be endangered by loose co~ |
hesicnless material is in cases where the foundation consists.
at least in part of such materials, An earthquake or some
other disturbance, as driving of piles, may cause local subsi~
dence of the foundation materials, decreasing materially the
path of percolation and in extreme cases inviting foundation
failure by piping. The danger of piping from underground sub-
gidence is particularly great for rigid dams, while for earth
dams 1t is reasonable to assume that the dam will follow any
subsidence that may be forming in the foundation.

The finer-grained the material is, the greater is the
prohability that it has been deposited above the critical
porosity. Nature deposits such materials almost without ex-—
ception above the critical porosity; and serious disturbances,
particularly earthquakes, may result in their liquefaction
resulting in flow slides, such as happened on a very large
scale in New Zealand. The accumulation of chemical wastes,
often built up in hmge mountains, end fine-grained deposits
from mining operations censtitute extremely dangerous condi-
tions., Such materials may appear %o become gquite solid after
a few years and yet their water content is very high and some-
times & slight disturbance may create flow slides of disastrous
consequences, Only in recent years iwo very serious accldents
of this kind have happened, cne, consisting of a large deposit
of chemical wastes, in CGermany, and the other one in Japan,
where a large waste deposit from mining operations liquefied
and flowed through a valley like a stream of lava, burying vile
lages and killling hundreds of people. There are many deposits
of this kind in the world, most of which I consider exireme
hazards to surrovnding life and property.

In contrast to these examples, I wish to cite one out-
standing case in which very fine sands and silts (which of all
types of soils have the greatest tendency to develop flow
slides) are successfully used for the construction of levees with
rather steep slopes. These are the levees on the large rivers in
China. The secret of thelr success resides in the methed of con-
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struction. While the levees are being built, there is a large
number of workmen compacting the material with long bamboo
sticks which they work up and down until no more penetration
can be effected. The very slow censtruction due to the almest
exclugive use of hand labor, combined with the patient and
therough compacticn of the material, creates a mass so dense
that it cannot be made to flow. Many centuries, protably
thousands of years of experience, have developed this method.
Perhaps the present builders of these levees could not explain
the necessity of this compaction, because the disastrous exper-
iences, which have led to the adeption of this method, are long
forgotien. Put we may be assured that this method of construc-
tion has not been an accidental develcpment.

Let us compare this method of levee construction in China,
using materials which would be considered unsuitable by many of
our engineers, with scme of the levees along the Mississippi
River, built with flatter slopes, of a sand which is inherentily
much more stable than the Chinese river silts, and which never-
theless have failed due to fypical flow slides. Modern methods
of levee construction are undoubtedly very ecoromical and very
fast, but at the same time we must admit that the material is
Just dumped loosely. That may preduce satisfactory levees from
many types of goils, but certainly not from uniform fine sands.

The question will naturally arise why clays never fail by
flew slides. A clay also tends t¢ reduce its volume like a
sand, in fact usually more so than the loosest sand. The differ-
ence 1s due in part fo the fact that a clay can undergo con-
siderable elastic deformations in which the relative positian of
the individual particles remains essentially unaltered, In con—
trast to this, even a slight disturbance of a sand produces per-
manent relative displacements of the sand grains. In a loose
sand such displacements will cause grains to lose their
egquilibrium and to slip into a more stable position in the pore
space between the neighboring grains. If the voids were filled
with air, the result would merely consist in a very small subsi-
dence, The stresses would still be carried entirely from grain
to grain and, therefore, the ability to mobilize shearing strength
in proportion to the total stress in the soil would remain unim—
paired. However, if the voids are filled with water, any ten-
dency for decrease in volume will result in a transfer of a por-
tion of the stress from the soil grains to the pore water, thereby
reducing the shearing strength of the mass. Vibrations, in which
the disturbing force is applied only feor a fraction of a second,
may be sufficient to disturb the internal structure and eguilibrium
of the material to such an extent that the original shearing re-
sistance cannot be restored until a certain amount of water has
drainedavay. And if this drainage requires some time, the mass
may begin to flow out,
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Thus disturbing forces acting only for & shorf{ time may dis-
rapt the relative position of the sand grains sufficiently to
produce a serious drop in the shearing strength of the material.
Similar transient forces acting on a mass of clay would have no
effect, unless the forces are unusually large so that they pro-
duce shearing cracks. However, it is believed that if an em-
bankment consisting of cohesive soils is designed with an ample
factor of safety against the ordinary gravitational forces, in-
cluding stress conditions during drawdown, it would also he able
to withstand considerable disturbances due to earthguakes without
suffering any internal disruption..

EXAMPLE OF THE REDUCTION IN SHEARING RESISTANCE DURING A FLOW SLIDE,

The question naturally arises how much one ghould compact
those sections of an embankment which consist of cohesionless
s0ils and which are liable, at times, to be fully saturated. Is
it really necessary to compact the soil below the critical wveid
ratio? Qan we really determine the critical wveid ratio of a ma-
terial with sufficient accuracy from laboratory iests?

In the first place we must admit that our experience with tri-~
axial tests 1s still rather limited. We can be fairly certain
that the stress conditions at the start of a test are, for prac-
tical purposes, homogenenus. However, it is equally certain that at
20% strain the stress distribution in the outer portion (bulge) of
8 loogse test gpecimen will not he the same as in the central portion
of the specimen. Since the critical void ratic is derived from the
volume condition at maximum stress, which for a loose sand is at
about 20% strain, we should realize that our present method for de-
termining the crifical void ratio may be seriocusly in error, Un-
fortunately this error seems to result in a higher critical veoid
ratio, that ig, the error is on the unsafs side, However, at
present we know too little about this error even to venture an es-
timate,

Let us assume, for the purpose of the following discussion,
that we have succeeded in determining the critical void ratio for
various homogeneous stress conditions. Then we can be certain
that if the mass is compacted below this critical value, the
shearing strength of the material could not he reduced by a sudden
digturhance. On_the contrary, there will be a marked tendency in
the mass to _increage its resistance while disturbing forces are
acting, This fact in itself increases our margin of safety to
such an extent that it will protect us against many uncertainties
in the design of earth structures. For this reason alone, if not
for the more important reason of preventing the possivility of a
flow slide, one should carry compaction below the critical wvoid
ratio whenever possible. '
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However, if in a portion of the dam the sand is in a state
above the critical void ratic, the question arises how to deter-
mine at least approximately the maximum possible reduction in the
shearing resistance which may result from disturbances. TFor this
marpose we plot first in Pig. A-8 the results of a critical
density investigation in the form of a graph showing the relation~
ship between the void ratio at the start of the test, the volume
change during the test and the minor principal stress which is a
constant for each tesgt.

Since the void ratio in Fig. A-8 refers to the start of the
test, we may assume it %o be the void ratio within a dam before a
disturbance. And if we assume the dsm large enough and the dis-
turbance to take place in a shert time, this void ratio will re-
main also constbant throughout the disturbance and any resulting
movement of the mass. If we assume the void ratio throughout the
entire dam equal to 0.7 (in reality the void ratio is decreasing
with depth), then it follows from Fig. A-8 that point A repre-
sents the stress condition within the mass during a flow failure.
In other words, a void ratio e = 0.7 is the critical void ratio
for a mass with a minor principal stress {j 711 = 1.0 tons per
sq. ft. Assuming an angle of internal friction @ = 359, then
the shearing resistance of this mass during the flow failure

will be s = (f;;.(1+sin @§).tan § = 1.1 tons per sq. ft.

Thus, if a flow condition should somehow develop, the effec~
tive shearing strength throughout the mass will te everywhere
equal to 1.1 tons per sq. ft. TFor a small embankment this may be
ample for safety, but for a large dam this value would be de-
cidedly on the unsafe side. To illusirate this point, we assume
in Fig. A-9 a dam consisting of fine sand, with an impervious
core, and a height of 150 ft. Furthermore, we assume the water
level in the reservoir at the end of a drawdown period, at 20
ft. above the base of the dam; a void ratio of e = 0,70, a spe-
cific gravity of the solid matter & = 2,70, and an average
saturation of the voids above the free water surface of 50%. Then
the unit weight of the soil above the free water surface will be
equal to 112 ibs. per cu. ft., and the submerged weight will be
62,4 1bs. per cu. ft. Hence, the maximum pressure at the base of
the dam in that condition will be about 8.0 tons per sq. ft. If
this pressure is carried entirely as effective pressure, then it is
able to mobilize a shearing resistance of s = &,tan 35° = 5.A tons
per sq. ft. In Pig. A~G, below the dam, is shown by the triangle
1-2-3% the maximun shearing resistance which could be mobilized by
the weight of the dam, if the disturbance wonld oceur so slowly
that at all times the welght of the dam is carried directly by the
soil grains at all points. However, if a disturbance produces a
flow condition, then the shearing resistance along the base at
the void ratio e = 0,7 will drop to a value of about s = 1.1 tons
per sg. ft., so that the resistance will be represented by the
area 1l~2-5-Y4,
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In the above example all assimptions were deliberately simpli-~
fied to present more clearly the essential points. To show the
effect of greater compaction on the stability of this dam, let us
agssume that this entire dam were compacted to a wvoid ratio of
e = 0.,h. From Fig. A-8 it follows that the minor principal stress
at the condition of flow failure for this void ratio, that is the
intersection point B of the abscissae for e = 0.A and the zero-
volume ordinate, is ‘FEEI = 3.5 tons per sq. ft. The cor-

responding shearing resistance in the planes of failure will be
s = 3.85 tons per sg. ft.

By repeating the above considerations for a void ratio of
e = 0.5 we arrive at the conclusion that the shearing resistance
which could be mobilized in the base of the dam is more than 12
tons per sg. ft. For the dimensions of this dam such a shearing
resistance is probably large enough to be able to resist the
worst imaginable disturbing forces.

The collapse of the loose grain structure and the transfer of
the pressures from the solid phase to the ligquid phase may be
caused by an earthquake, by a sudden subsidence in the foundation,
in the case of hydraulic fill dams by excessive core pressure,
etc. Our present knowledge of this subject dves not permit us to
say how intonse such disturbences must be to produce the internal
breakdown of the structure which will lead to & flow slide. This
question can probably never be decided from laboratory investiga-
tions, since we cannot reproduce correctly the stress conditions
in & large mass by tests. TFor the same reason, tests on model
dams, even if of considerable size, will never be able to inform
ug of the conditions which will lead to a flow slide in a large
dam. I heve discussed this point in more detall in my paper on
this subjcct in the January 1936 issue of the Journal of the Bos-
ton Society of Civil Engineers, In view of such difficulties we
are forced tc learn the factors which may produce a flow slide
from carsful studies of actual flow slides.

CLOSING REMARKS.

In elosing I wish to impress upon you that soil mechanics is
still a very young subject and still very much in the state of
development. Any efforts at standardizing or simplifying the
subject for the sake of teaching, or of making it easier for the
practising engineer to digest, are doomed to failure for many
years to come. So0ll mechanic¢s is a complex subject because the
materlials with which we deal are so utterly complex, 1In addition,
to penetrate decper and deeper into the mysterious behavior of
scils, we need a much greater wvariety of tools than, for example,
are required in structural engineering. A man who desires to work
in soil mechanics needs not only a thorough knowledge of the proper—
ties of materials in general, of mathematics, and at least the prin-
ciples of the theory of elasticity, but also knowledge of physical
chemistry and geology, and in addition mastery of some entirely new
conceptions and avenues of approach which form the fundamentals of
801l mechanics,
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COMPACTION TESTS ON COHESIONLESS MATERIALS
FOR ROLLED~-EARTH DAMS IN BOSTON DISTRICT

by
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I. INTRODUCTION

General. ~ Two series of field compaction tests on cohesion-
less materials for rolled~earth dems have been completed in the
Boston District. Both series were made in connection with the de-
gign of dams for the Merrimack Valley Flood Control Project; the
first for the proposed Franklin Falls Dam, the second for the pro-
posed Blackwater Dam, I shall describe the compaction tests for
the Franklin Falls Dam, illustrating certain features by slides*
and a short movie, and then briefly outline the Blackwater tests
in order to pcint cut certain improvements in details of procedure
followed in the latter, benefiting from experience with the former.

Franklin ¥alls and Blackwater Dams. - The Franklin Falls and
Blackwater dams are to be similar in type. Rach is designed to be
constructed of a well-defined core of impervious material protected
by outer sections of relatively pervious material, The pervious
material will be obtained from required structure excavation for
Fronklin Falls and from selected borrow areas for Blackwater. The
pervious earth fill in ecach will be further protected by filters,
sand and gravel backing and rock fill., The Franklin Falls Dam will
be 1,740 feet long, with a maximum neight of 136 feet and will con-
tain about 3,300,000 cubic yarde of ecarth and rock fill. The Blacke
water Dam will be 790 fect long, with a maximum heizht of G4 feet
and will contain about 185,000 cubvic yards cof earth and rock filil.

II. COMPACTION TESTS ON COHESIONLESS MATERIAL
FOR FRANKLIN FALLS DAM

Purpose. - The material availsable for the pervious shell of the
Franklin Falls Dam is cohesionless with grain sizes lying in the
8ilt and sand range. At the outset there was considerable support
for the expert opinion which had been expressed that such material
dould only be compacted to proper density for stability by special

* Eleven élidessﬁown, of which four have been reproduced herein
(Figures B~1, B~-2, Tables I, II.)
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vibration equipment such as hag been used in Germany. On the other
hand, the difficulties inherent in requiring the use by a contractor
of specially developed equipment of a type hitherto not generally
used in this country are apparent. Accordingly, on the recommenda~
tion of the Board of Consultants, fileld compaction tests were
initiated to determine the feasibility of specifying the use of
standard construction machinery. Tests of tamping and vibration
equipment were also made to determine whether resulis could be ob-
tained with such eguipment which weould be sufficiently superior to
those with standard equipment to warrant the use of special equip~
ment designed to produce comparable effects,

Materisl. - For the tests, two types of material were selected
from soil available from excavation required for the Franklin Falls
Dam. One type, comprising about 60 percent fine sand and U0 percent
coarse silt, was designated "Material AY; the other, a medium to
fine sand, was designated "Material B". Material A was used for
most of the tests because, when the tests were initiated, it was be-
lieved that, on account of its fineness and uniformity, this mixture
would prove to be the most difficult to compact., It was believed
that any procedure developed by the tests to give satisfactory com-
paction with this material would also be satisfactory for the
coarser material at the site.

Critical Dengity. ~ "Critical density!" was used as a criterion
of satisfactory compaction, The concept of critical density and the
investigation which has been made of the stress-strain characteris—
tics of this material are described in Professor Casagrande's paper.
Professor Casagrande concluded from his tests that the material in
the pervious shell of the Franklin Falls Dam should be compacted to
a degree of 80 percent. (The term "degree of compaction® will be
defined later.)

Test Procedure., - The field compaction tests were made at the
dam site. Tollowing completion of tests on embankments constructed
of one layer U4 feet in depth (designated Y-foot embankments) and of
one layer 18 inches in depth (designated 18-inch embankment) fur-
ther tests were made of layered embankments built up of 6, 9, 12,
15 and 18-inch layers. Samples were taken from each embankment and
sent to the Boeton District Soils Labvoratory at Concord, N.H., for
determination of water content, void ratio, and degree of compac-
tion. The efficacy of the various methods of compaction tested was
determined by comparing the corresponding void ratios and "degrees
of compaction.®

Degree of Compaction. - Although void ratio is an index of com-
paction attained, %o compensate for variations in grading of the ma~
terial tested, a degree of compaction scale based on "relative den~
sity" as defined by Terzaghi was also used in comparing the results

B~2



of the field tests. The adopted scale is defined by the equation

P, = 0% _  (100)
€0 = €100

in which Pv = degree (percent) of compaction; &, = void ratio of dry

material in loosest state; e = void ratio of material in situ in em~
bankment or in the borrow area; €10 = Void ratio of dry material in

dengest state,

Preparation of Borrow and Test Areas. - The borrow area was
stripped to a depth of approximately 10 feet and care was taken
throughout the testy to obtain material of the desired gradation,

The work area was stripped of sod and topsoil and graded with a layer
of medium to coarse sand compacted by means of the tractor used for
the tests.

Construction of Test Embankments, - Tests with rolling equipment
were made on embankments about 4O feet long, 13 feet wide on top and
of varying heights., Tests with tamping and vibrating equipment were
made on embankments 5 to 20 feet square on top and about Y feet high.
Side slopes were about 1 on 1-1/2, except that the end slopes of em~
bankments for rolling egquipment tests were flattened to form ramps
for this equipment. A total of 4% test embankments were constructed.

Control of Water Content. - Tests were conducted for two general
conditions of water content: (1) natural (approximating 10 percent
of dry weight at the time of the tests): (2) 20 to 25 percent of dry
weight. In attaining a water content of 20 to 25 percent, water was
applied variously by ponding or sprinkling, suiting the method used
to the requirements of the individual embankment.

Compilation of Test Data. -~ The results of the field measure—
ments and laboratory tests were plotted to show the variation of we~
ter content, void ratio and degree of compaction with depth., After
all the test results were compiled, showing variations and pessible
explanations thereof, general weighted curves were drawn for use in
comparison of the compaction methods tested,

Rolling Bguipment. —~ The rolling equipment used in the tests
consisted of a heavy caterpillar tractor, smooth roller, disc rcller,
and three types of sheepsfoot roller, having the following weights
and pressure intensities:
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Approximate

: ‘ Average
Item App;zigﬁite Pressure
, Intensity
{tons) (1bs. per sq.in.)

Tractor 12 9
Smooth Roller _ 26
Large-foot Sheepsfoot Roller 2 g4
Small-foot Sheepsfoot Roller 2-1/2 115
*Altered Sheepsfoot Roller e-1/2 230
Disc Roller 10 98

*Small~foot sheepsfoot roller altered by the removal of every other
horizontal row of feet.

Tamping Egquipment. - The tamping equipment used in the tests
consisted of a drop-weight tamper, an air hammer tamper and a pneu-
matic hand tamper having the following characteristics:

a. Drop-Weight Tamper. Concrete block, weighing and
having area similar to the Delmag-Frosch (Leaping Lena) tam-
per; weight about 1 ton; operated by reising 18 inches and
dropping. The drop-weight tamper was designed to simulate
the action of the Delmag-Froach, btut there was this imporiant
difference; the impact of the drop—weight tamper resulted
from gravity alone, whereas at the moment the Delmag-Frosch
strikes the ground it is driven upward by an explosive charge
resulting, theoretically, in an impact twice as great as that
due to gravity alone.

b. Air Hemmer Tamper. Pile-driving hammer mounted on
a steel sled. Assembled total weight about 5 tons; 140 dlows
per minute, average rate, The air hammer tamper was tractor-
drawn on some embankments and placed by the crane on others.
Difficulty was experienced in using this tamper whern tractor-
drawn.

c. Pneumatic Hapnd Tamper. Circular disc contact about
6 inches in dismeter; frequency of tamping, approximately
4000 per minute.

Vibration Compaction Equipment. The vibration compaction equip~
ment tested consisted of a small external and & small internal vi-

brator having the following characteristics:

a. BExternal Vibrator. Electrically operated concrete
surface-type vibratory frequency of wibration, 3600 per
minute, For gome of the tests two 250-1b, welghts were added,

b. Internal Vibrator. Pneumatically operated internal
concrete vivrator; diameter, about 3 inches; freguency of vi-
bration, 6000 per minute.
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Test Results of Compaction by Tamping. - The temping equipment
tested gave results which were inferior to those obtained by either
rolling or vibration equipment. The results with the pneumatic
hand tsmper indicate that it is suitable for compacting backfill.

Test Results of Compaction by Vibration. - The vibrators used
in the tests were not themselves adapted to actual large scale op~
erations in the compaction of earth fills, (except possibly for
structure vackfill compaction). The tests were intended to be in-
dicative of the compaction which might be obtained by specially de-
signed vibration units adapted to large scale operations. The test
results indicate that vibration equipment produced degrees of com-
vaction up to between &0 and 100 percent; saturated material com~
pacting far better than material with a water content of 10 to 20
percent. It was found that samples of material taken from the vi~
brated test embankments (with one exception) had a characteristic
honeycombed structure. This honeycombing was cauﬁed by the fact

that, on account of the low permeability (1 x 100 to 5 x 107 em
per sec.) of Material A and the low pressure tending to causs the
excess water to flow, the excess water did not escape during vi-

bration, resulting in water voids, some of which were as large as
walnuts. This is undesirable in a dam, because the seeping water
might conceivably bresk down the honeycombed structure, possibly

causing a movement of material.,

Test Results of Compaction by Combined Methods. ~ The results
of tests of combined methods of compaction {rolling followed by
tamping and vibrating) indicated no definite superiority over those
from rolling alone sufficient to justify the additional expense.

Test Results of Compaction by Roliing. -~ The data obtained
from the U-foot embankments compacted by rolling equipment were
utilized in formulating the program for tests on layered embank-
ments. These tesis indicated that a water conbtent between 20 to 25
percent was the optimum practical range for rolling equipment, the
optimum water content being the greatest which will allow operation
of the equipment. Attempts to use a higher water content than 20
to 25 percent were unsuccessful because the material would not sup~-
port the equipment. With & water content between 20 and 2% percent
the material was practically saturated after compsction,

Typical weighted compaction curves are illustrated in Figure
B~l. To summarige the results for convenieni comparison, use has
been made of the term "estimated average attainable degres of com-
paction." This value was selected from consideration of the values
shown by, and the shape of, the weighted compaction curves., JFor ex~
ample, estimated average attainable degrees of compaction were taken
as 106 percent for Embankment R32 and 92 percent for Embankment R33.
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Estimated average attainable degrees of compaction for all the
layered embankment tests with rolling equipment are shown in Table
1. Note that a value of only 92 percent was obtained with © passes
of the tractor-drawm small-foot sheepsfoot roller on l2-inch layers
‘with water content of 15 percent, whereas 100 percent was obtained
with 4 passes on 12-inch layers with water content of 20 percent.
It appears logical to believe, therefore, that 6 passes of the
tractor-drawn small~foot sheepsfoot roller on 12-inch layers with
watcr content of 20 percent wonld have produced a degree of compac—
tion of at least 100 percent,

TABLE I. COMPACTION TESTSON COHESIONLESS MATERIAL FOR FRANKLIN FALLS DAM
SUMMARY OF RBSULTS OF TESTS ON LAYERED EMBANKMENTS
COMPACTED WiTH ROLLING EQUIPMENT (ALL TRACTOR-DRAWN)

Estimated Average Attainable Degree (Percent)
of Compaction
Large- Small-~ Smalle~
Layer Fumber Toot Foot Altered Foot
Thick- of Disce | Sheeps~ | Sheeps— | Sheeps- Disc |Sheeps~
ness Passes foot foot foot foot
(inches)
MATERIAL A MATERIAL B
9 2 87
I 93
b 100
9 105
12 2 &8
Y 100
6 106 Qpk* 102 1544
9 107
15 3 93
b 100
18 3 17
' 5 110# 9c 1084
9
95

Fotes: Average degreec of compaction in natural deposit: Material
A, 68 percent; Material B, 63 percent.

One pass defined as covering once with onepwssage of the
tracior treads the area to be compacted,

Water content, 20% of dry weight except noted: *16%;
w*15%; #1665 ##12%.
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, The layered embankment test results shown in Table I indicate
that estimated average attainable degrees of compaction of over
100 percent may be obtained by compecting; at optimum water content,
12-inch layers of Material A by 6 passes of either the tractor-
drawvn disc roller, small-foot sheepsfoot roller, or altered sheeps—
foot rolier. In all other results of tests on layered embankments
of Material A, except 3 passes of the small-foot sheepsfoot roller
on 18~inch layers, the estimated average attainable degree of com-
paction exceeded 80 percent.

The estimated average attainable degrees of compaciion deter-
mined from the only two test embankments constructed of Material B
were 70 and 75 percent, both at 12% water content. On account of

the high permeability (10 x 10~% en per sec.) of the material, the
limited supply of water available was insufficient to maintain the
high water content required for best results. Although the effect
of moisture upon compaction was not determined for Material B, it
iz logical to assume that, as was the case with Material A, optimum
water content is the highest permitting operation of the compacting
equipment, Consequently, it is believed that a greater degree of
compaction could be attained with better control of water content
than was possible in these tests., The disc roller did not operate
satisfactorily on the 18-inch loose layers because it sank suffi-
ciently to plow up the top surface, removing considerable material
and disturbing the layered deposition. For these reasons it is
probable that better results could be obtained in compacting Ma~
terial B in 12~inch layers at optimum water content.

Conclugion and Decision, - Using Professor Cassgrandels recom=
mended degree of compaction of 80 percent as a criterion, it is
evident from Table I that with Material A all methods of compac—
tion with rolling equipment tested, except 3 passes of the iractor-
drawn small-foot sheepsfoot roller on 18~inch layers, would be sa—
tigfactory. Careful study of these resulis and comparison with the
results with Material B indicated that some of these tested methods
of compaction with rolling equipment would not be satisfactory for
certain possible mixtures of material available from required ex~
cavations., The selection of the recommended methods was necessarily
based to a considerable extent on judgment -~ an important untested
factor being the effect of moisture upon compaction of Material B.
It was finally decided that the specifications for construction of
the pervious shell of the Franklin Falls Dem should require that the
available material be placed in 12-inch loose layers and be rolled
at optimum water content by 6 tractor passes of rolling equipment
equivalent in effect to elther the tractor-drawn disc roller or the
tractor-drawn small-foot sheepsfoot roller used in these tests.
Additional rolling will be required wherever tests during construction
indicate that the degree of compaction attained is less than 80 per-
cent,
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It is planned to confirm the conclusions based on these com=
paction tests by additional tests immediately prior to construc—
tion of the dam. At that time opportunity will be presented to
verify certain points concerning which additional data are desired.
These later tests will be made with equipment of the type which is
to be used in actual construction and control will be based on the
experience which has been gained from the previous tests,

IIT, COMPACTION TESTS ON SHELL MATERIAL
FOR BLACKWATER DAM

Purpoge. = The compadtion tests of the shell material for the
Blackwater Dam were made to determine the number of passes of the
tractor~drawn sheepsfoot roller and of the tractor-drawn disc roller
which wonld give satisfactory compaction resulis on selectsd layer
thicknesses.

It will be noted that, profiting from the results of the Frank-
1lin Palls compaction testg, which were completed before the Black-
water tests were started, the scope of the progran was considerably
restricted, Demonstration of the practicability of securing satisg~
factory compaction with standard rolling equipment on the Franklin
Falls fine cohesionless material made it unnecessary to test tamping
and vibration equipment for Blackwater.

Test Procedure, - Field tests of compacting, in low embank-
ments, material taken from the proposed borrow area, were made near
the dam site. The efficacy of the various methods of compaction
tested was determined by comparing the corresponding void ratios,
unit weights and "degrees of compaction.V

Equipments. - The compacting equipment used consisted of the
tractor, small-foot sheepsfoot roller and disc roller used in the
Frenklin Falls compaction tests.

Material. - The shell material for the Blackwater Dam is a wellw-
graded, cohesionlesgs silty and gravelly sand, containing approxi-
nmately 20 percent =silt and approximately 15 to 20 percent of parti-
cles larger thar 1/4 inch, up to boulders 5 feet in mean diameter.

Preparation of Borrow and Test Areas. - The borrow ares and site
for the test embenkments were prepared in the same manner as for the
Franklin Falls tests.

Construction of Test Embankments. - The embankments of shell ma-
terial were constructed to the dimensions shown in Figure B-2 for III
and IV (I and II were core material embankments). ZEZach embankment
section was rolled with the specified tractor-drawvm roller in the
direction and in conformity with the patterns shown. Three trips of
the tractor and roller on each section as shown gives two passes of
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the roller on the strips marked for testing (i.e., where ssmples were
taken). Hence, to make a test calling for 8 passes of the roller,

4 sets of rollings as shown are required. Two test embankments

(I1I and IV) were constructed of seven 12" layers of the shell ma-
terial. ZEmbankment III was compacted with the tractor-drawn sheepsge
foot roller, IV with the tractor-drawn disc roller. Each embank—
ment was constructed in three sections! one section compacted by 6°
roller passes; one by 12 roller passes; one by 18 roller passes,

Control of Water Content. — From the results of Proctor analyses
the optimum water content for the field tests of the Blackwater -
shell material was taken at 10 percent. The actual water c::>n’cer1,j§'“:J
ranged between 9.0 and 9.5 percent. 3

Results. ~ The results of the field tests are summarized in
Table II. Better results were obtained with the disc roller than
with the sheepsfoot roller. The compacted dry unit weights obtained
with both rollsrs are generally greater than the maximum compacted
. dry unit weight obtained in the Proctor ‘analyses (120 lbs/cu.ft.).

gonclusions. ~ One series of triaxial compression tests has
been performed under Professor Casagrande’s supervision on the Blacke
water shell material. From this series the lower critical void
ratio was found to correspond to about 75 percent compaction. Tak~
ing this value as a criterion of suitable compaction for stability,
we conclude from Table II that the tractor-drawn sheepsfoot roller
and the tractor-drawn disc roller used in the tests are both suit-
able for use in properly compacting the proposed shell material for
the earth embankment section of the Blackwater Dam. The results
indicate that 6 roller passes by an equivalent disc roller, or 18
roller passes by an equivalent sheepsfoot roller on 12" layers should
be specified.

IV. CONCLUSION

In conclusion, the principal results of both series of tests
may be summarized very briefly as follows:

&. Cohesionless material of the types tested can be
compacted to the degree required for stability in an earth
dam by standard tractor-drawn rolling equipment, the trac—
tor playing an important part in effecting compaction.

b. In securing satisfactory compaction of these types
of cohesionless material with standard rolling eguipment,
it is very important that the rolling be done at optimum
water content. '



c.
tion,

Because of its importance in effecting compac-
the desired characteristics of the tractor should
ve as carefully specified as those of the roller and the

rolling should be so controlled as to secure the re~
gquired number of passes of both tractor and roller.

TABLE II.

(FROM TABULATION OF AVERAGE RESULTS PER FOOT OF DEPTH

SUMMARY OF RESULTS OF TESTS

IN TEST EMBANKMENT)

COMPACTION TESTS OF SHELL MATERIAL ¥CR BLACKWATER DAM

Test No. Compaction Method Average
B Average |Degree (%)| Average
bank- | Sec~ Roller Roller Dry of Compac~| Water
ment tion (Tractor-Drawn)| Passes Weight tion | Content
(1bs/cu (% of
ft) dry wet)
III 7 Sheepsfoot 6 120 65 9.k
8 Sheepsfoot 12 121 72 9.4
9 Sheepsfoot ig 123 17 9.5
v 10 Disc ) 125 30 9.1
11 Disc 12 126 96 9.1
12 Dise 18 128 98 9.0
Notes: All data are from tests on samples with particles larger

than 1/4 inch removed.

All tests with layer thickness of 12 inches.

B-10




WAR DEPARTMENT CORPS OF ENGINEERS U.S.ARMY.

a VOID RATIO DEGREE OF COMPACTION INITIAL
ﬂ' (PERCENT) +.2
ot 0.6 08 60 80 100
FINAL N FINAL
68 f : .ﬁ—
HiE CHH H
A |
W -~ ]
O AN AERY 169
< _Nl' (v <\ i © I[
L 2 (] \ Y i ™ |.97""'
(v ¢ M E @
s 2 K A —1_1:
n w266 i Z x 274
o 8 7 ~ o %5—
u 3= yd Sl 283_|
E “[nio3 ¢ »
Q ad. 1 ~1\ o
E —Eﬁ \\\ < - ';:
3 o[ 338 .‘ NEREPEEEL; W
Q 4.34 - Iy
N @ 41 ", - 57
3 [P ZAREEN L ] ﬁt
9 5 5.03 /l 4 \\-‘ \’ 4.83_]
o \ ’ L L]
(13 _5.2I \ 7 %_
5 lecFroM \ xr 5
iy — - R32 6 PASSES | T
- TRACTOR-DRAWN D1SC ROLLER -8.32 -
E 8-12 LOOSE LAYERS
7 WATER CONTENT APPROX. 16 %
E.J MATERIAL A
Q ------R33 6 PASSES
8 TRACTOR DRAWN SMALL FOOT
SHEE‘FSFOOT ROLLER
-12 LOOSE LAYERS
o WATER CONTENT APPROX. |5%
= MATERIAL A
MERRIMACK VALITh_EF_I&LOOD CONTROL
F!ELD COMPACTION TESTS
WEIGHTED COMPACTION CURVES
t). 5. ENGINEER OFFICE, BOSTON, MASS.
ROVAL, RECOMMENDED AE)
CA" Oﬂﬂ” OFINCINEENI . nl.[...rnlCTP NG'NH..I:
O et Eedlllen. | S0 T
- m.eyps | FILE NO.
ASSOCIATE ENGIREER | ox, By pw. | MII — 6/80

FIG. B-I



WAR DEPARTMENT CORPS OF ENGINEERS U.S. ARMY

%—TRACTOR&W FEFE =T RACT OR-~{TFHEH
NN+ ROLLER AR RGLLER
/Q OF LANE 4 4. OF LANE
HiE -~ [ R
AT 2-0 NS
2o P ST Qi E
AN 20 | Sty
TEST ISTRIP TEST STR{P— i EST STRIP
. &0 f— 6-0" | 0" .

SHEEPSFOOT ROLLER PATTERN

2o | 2v

APPROX.54 FOR EMBANKMENTS 180 |

DISC ROLLER PATTERN

120 " 2
leandl 1 4

f -
‘ i APPROX.60 FOR EMBANKMENTS manz'l
i (e |
] \ &z l
= of 30 \
2| g N\ | Dlg 2 R ‘
E 0 ‘ 3 12 12! 12 3 .
T o~ a
X
&| @ - Qi3 3
o | ] « o o 2
21 z 8¢8 b4
13 Qe HEES i B | g
| % : : ‘
I e 6 PASSES ||OPASSES |14 PASSES
8| a& <CORE MATERIAL > IBPASSESg-‘q
1% sHeLL MATERIAL [QPASSES|I2PASSES 2oz
S it
\
OF TYPICA MBANKMENT

NOTE: THREE TRIPS OF THE TRACTOR AND
ROLLER ON EACH SECTION AS SHOWN
GIVES TWO PASSES OF THE ROLLER orf
THE STRIPS MARKED FOR TESTING, HENCE
TOMAKE A TEST CALLING FOR TEN
PASSES OF THE ROLLER FIVE SETS OF
ROLLINGS AS SHOWN ARE REQUIRED.
FOUR EMBANKMENTS CONSTRJCTED
[ SHEEPSFOOT ROLLER ON
CORE MATERIAL,
T DISC ROLLER ON
CORE MATERIAL : ‘
I SHEEPSFOOT ROLLER ON

7-12 LAYERS

MERRIMACK VALLEY FLOOD CONTROL
BLACKWATER DAM :
FIELD COMPACTION TESTS
LAYOUT OF TEST EMBAN KMENTS

8. ENGINEER QFFICE,
ROVAL R MENDED

LY. £0L, co'u;%? snemﬁ'

CAPT. CORPS OF EINGINEERS
DIBTRICT BNGINEER
A m“ TO ACCOMPANY REPORT
SENIOR ENGINEER DATED AFRIL 1, WE8
FILE NO.
MI3~ 1/2

10-6 LAY ERS

SHELL MATERIAL
2 DISC ROLLER ON
SHELL MATERIAL

PARED. BY:
TR, BYFE:

Y & P & ey ol
ASSOCIATE EMGINEER | CK, BYR!

FIG. B-2



SHEARING PROPERTIES CF OTTAWA STANDARD SAND

~ AS DETERMINED BY THE
M.I.T. SPRAIN-CONTROL DIRECT SHEEARING MACHINE

by
Donald W. Taylor and Thomas M. Leps

Assigstant Professor and Research Assisbant in Soil Mechanicse
Massachusetts Institute of Technology, Cambridge, Mass.
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Present day investigations into problems of Soll Mechenics are
more and more stressing the extreme importance of knowing how soils
behave when subjected to shearing stresses. Thus there are at this
time a number of different types of machines that arce designed to
tost the shearing proverties of soils. Still othor machines arc in
the process of dovelopment.

0f these difforent typos, the Dircet Shear Machine in which the
shooring stress is incrooscd at an aporoximptely constent rete has
been the most cormon, and o wealth of data oxists showing results
of meny yoars of study on this approach to sheor problems. In 1934
Pr. Gleomon Gilboy* of the Massachusetts Institute of Technelogy
doveloped a Dircet Shoar iachino which hod as its basic feature the
cbility to apply sheering displocoment ot o constont rates In 1936
an improvod machine of this typo wos designod and built ot the
Messochusotts Instibute of Tochnology. In 19837 the original bellows
unit for measurizng the shearing foreo was roplaced by o proving ring
unit by Mr, H, A, FPidler, This machino has beon doscribed in an
articlo by Mr, Fidler** and is the machine usod in the research
described in this roportb,.

The mochine of the strajn-applicntion typo afferds two import-
ant advantoages: first, an tccurate control at the important point
of maximum shearing stress; sccond, the opportunity for study of
scil behovior after this moximum point has been renched. In ade
dition to these two thero ere nunercus other advantoges and refine-
nents of operation,

It is generelly admittod that the main disodventoage in 2ll typos
of diroet sheor moohines rests in the fact thot failure is induced
by progressive action, while the ideal cordition would be one where-
in unifornm stress occurs throughout the sample. This ideal is more
nearly approached in ancother typo of rachine which at M. I. T. is
celled the "Cylindrical Comprossion Apperatus, ond which has also
boon callod the #Tri-Axzial Compression Apparatus". While tho cyl~
indrical compression apparatus givos promisc of great valuo in tho

* "Improved Soil Testing Methods® by G. Gilboy, Engincering
Nows-Record, May 21, 1536,

*%  Soo following paper ontitlod: "A Machine for Detornining
the Shearing Strongth of Soils™ by H. A. Fidler.
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dotailed study of shonring phenomena it is believed that toests by
this method will roquire nore tine and tochniquo than those by the
direct shoar mothod. Thus it is felt that beenuse of its very
practiceal nature, the direct shear rochino iz likely to continue to
bo tho rmoro widely usocd.

This report presents the rosults of resoarch o dobermine in
dotoil the bohovior of the strain applicotion typo of diroet shear
mochines Ibs ain is to detornine the shearing proporties of Ottawa
sand, introducing oll variobles thot night possibly affoct tast
results,

Of these variables, void rotic ¢ , and normal prossure N,
hove long been recognized as the two which are of fundancntal ine
portanco. A groat many tosts wero run to study tho variations causcd
by theso two variables, and the rosults wero averaged so as to
agsure representative values. In this group of tosts, overy offort
wes rade to keep all obher variables comstants The fellowing is o
l1ist of these constant conditions.

1. The sc¢il uscd wos ovoer-dricd Otbows Stondord Sand,
2+ Sheoaring box sizeo was 3" x 3" in cross~-scction.

3+« The initial thicknoss of ©ll sanples wos approxi-
rately 0.41 inchos,

4, Tho spacing of shoaring helves of the box was lkopt
osgentiolly constant for any givon initial voide-
retic, varying from 0.,025" for densc stebo to 0,038"
for the loose stato,.

5. The spoed of the tosbs wos hold cssontially constont
at 0,05 inchos of horizontnl displacoment per ninuto.

In o typienl tost, the sand was ploced in the sheoring box,
conmpe.ctod,” lovoled by scroeding, and tho normal load spplicd, 4t
this point, thiclmess measuremonts for usc in tho detormination of
the initial vedd ratio, were made. Next tho vertical and horizone-
tal dials wore placed, the tep helf of tho box spaced with rospeot
tc the botton half, and then the tost was begun, Throughout the
test the vortieal load romnined constant. The motor drive nmoine
toinod o rote of horizonmbnl disploconont which wes esscatially
comstont. At stoandordizod intervals, roadings wore tokon sirml-
tanocusly of the following itoms: total herizontal or shearing
force as given by the proving ring wait, vertienl extensometor dinl
furnishing reoletive thickness of sample nnd horizontal oxtonsonchar
dinl reprosonting shearing displacoment, Tosts were continuod
until the horizental displacomont roached 0.4 inchos.

Ain accurate dotormination of tho initial voideratio was a very
impertant roguirenent. Sineo the herizontal corcss—soction of all



sarples and the speeific gravity of the sond groins woere constont,
the veid-rotic at any tine could bo doterminod from mcasurcement of
sarple thickness and weights Woiphts were tokon to the necarost 0,05
pram.  Aftor applying the normal load tho thickness wos obtained by
measuring the height of the looading block with respect to the baso
with o ,00L" extensonwoter dial, ond subtrecting the thickness of the
loading block and toothed gratings. With this setup, relative void-
rotios could bo moasurod with e roximun orror of about 0,008 for a
typical value of initianl voideratioc of about 0.600. Tho projccting
tecth of the grating add o slight uncertainty to veid-rotio condi-
tiong bul theso irrogularities do nct alter the basic relationships
subscguontly plotted, and at worst could cnly causo a snall censtoent
corrcection to all values of veid-ratio,

A chock on the run of the vortical dial during tho tost was
important oand was obbtained by o dctermination of tho sample thickness
ot the ccnclusion of the test for comparison with the initicl thick-
NCES

Varicus veoid-ratios werc cbteined by & simple method of compoct-
ing by striking the samplo with o weights. Each blow wns that caused
by a 28 oz. woight folling 2% inchos and striking a 3" wooden cubo
that rested on the 3 inch squore sample,

A record wis kept of blows and resultant void-ratio and Fig.
C-~1 shows the averapge curve for each normal lead. No logical ex-
planaticn hos been found for the pap betweon the 3 and 4 ton por
8ges fte loadings. iowever, the curves do give an indicntion of the
results of vibrating o unifornm sand, starting at its loosest stoto.
It should bo stressed that theso curves wore nob used for deternina~-
tion of void-ratio. Dircet measurcnent of sample thickness and
woisht was alwoys omployed.

Undeubtedly Ottown Sand cculd be compocted to o voidwratio
screwhat lowor thon that obtoined by 40 stondard blows,., However,
it is difficult to concelive o nmothod of placing the sand ot a void-
rotic highor than that obtained at zero blows as utmost core was
takon to sot up the sanplo as looscly as pessiblo,.

As has been mentioned, the sample wos always scrocdod off
perfocetly lovel aftor the compacting oporaticn and before placing
the toothed groting, The slight disburbance caused by thoso
operatlions was probably inapprecioble as the oxpeorionce of o few
tests indieates the corroct omount of sand to be wsed ond thus
oxcoss scroeding is oliminntods In all ovonbs, this disturbanco
could havo 1littlo or no offect on the void-ratio in the important
zone near the shearing plone ot mid-depth.

Discussion of Results

The cenveontional woy of roprosonting direct shear tests is by
o plot of the rotio of shear to normal stross against the horizental
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displocoment as shown in Fig, C=2. The maxirmum value of this retio
will beé rocognized os the coofficient of friction and as the tangent
of the friction angle, ﬁ} The curves show to advantage the follow-
ing rolaetionships: thot the pesk valuc of this ratio, § maximm,
N

docroasos o8 initial void-ratioc increasesi that the peak is renchod
at horizontal displocements thet incroanse with increase of initial
veid~ratio; that tho ocurves tend to reach an ulbimate B at o hori-

O i
zowtal displacenent of about 0.2 inches; that the ultimote § has o

' N

volue which is essentially indopondont of void ratic or normal load.

Other typical plots are found on Figurcs C-3 and C-4, Theso
graphs show the variation of sanple thickness in relation to the
relative value of shoaring strength ot which thoy occur and in Fige
C~4 in rolotion also ‘o the horizontal displacenent,

In Figure C=5, for all tests in which the ncrmal pressure was
3 tons per sq. ft., tho moximm friction angle, Qh, is plotted
against initial void-ratio, one From the reprosentative curve
drawn in this figurce it is scon thet scme points vary appreciably
from the curvee. Howovor, the moximun variation of any point is a
¢ difforenco of aboubt 0.7 degrocs and 1t is gvident thoat the curve
is closely defined,

Similar curves woro drown for cach normal pressure after which
0ll werc assoribled to give Fige C=6. A srnll anount of adjusting
wos then resorted to in order to moke thoe curves fit topgethor
logically but in no ease did this adjustnent amount to moro than
o fow tonths of o degreo of fricktion angle, An alternatce mothod of
presenting tho results is usocd in Fig. C=7,.

The nosts of curves of Figuros C=6 and C=7 clearly show tho
fomiliar relationship that for any given waluo of normtl pressuroe
the friction angle doeronses with increose of initial void-ratioc.
They also indicate ancthor relationship which is at voriation with
that found in the past by numerous invesbigators; namely;—that-at
o giveon initial dogree of compnetion the friction angle increnges
with decreasc of nornal pressurce In resonrch carried out on the
stress~control typc 6f direet shear machine it has gonerally becn
found that for a given degree of initial compaction the friction
angle was independont of the normal londe It is shown by Fig. C=1
that the initiol void-ratio doponds not only on degrec of compoc=
tion bub also on the normal load, 4 typical comparison showing
intorrclations for variocus compactions and initiol voideratios is
given in Tablo I. To obtain this table, colwm 3 was dotormined
from colums 1 and 2 by tho use of Fig. C~l,
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| TABLE I

Nunber Norrl pressurc Initial Friction
of Blows tons/éq.ft. void~ratio angle
%o : P
5 1 610 31,.4°
5 6 584 2943°
25 1 /584 3530
25 6 554 31.8°

aftor which column 4 was obtoined from colurms 2 and 3 by the use
of Fige C~6, The dota in the toble show that at a given initial
voidmratio tho difference in friction angles for 1 and 8 tons por
sq. ft. is 4 dogrees, whilo for o given compaction the correspond-
ing differconce is of tho order of 2 depgrees.

In contrast to the roximum friction angle, which varios greatly
with both initial voidweratio and nermnl pressures, is the ultimote
friction anglo which has an ossentinlly constent velues In Table IX
the ultimto § wvaluos for all tosts arc summarizod, It is scen

b
that the average values for all rermal prossures arc within aboub
1% of tho overall average of 0,502 which corresponds to a friction
anglo of 26479, About 40% of the individual tests voary from tho
ovorall cverage voaluo by less thon 1% and only about 16% vory by
more than 5%,

TABLE II

———_—— e V——

Ultimate Voalucs of Coefficient of Frictiom, £

Norrml prossuroc Nurber Moxirum | Mindimum | Averago
tons/sq.fte. of tosts
.5 5 529 465 508
1 19 521 480 507
2 20 +530 472 508
3 18 +B19 +484 502
& 23 o515 o471 +501
5 18 +520 «490 «504
2] 25 Bl o486 + 2986
8 8 514 #4381 198
All tosts 134 «5380 465 502




As has already boon mentioned the ultimate value is reached at
o shearing displacement of about 0,2 inches., For larger disploce-
nents the value of § sometimes romnins noarly constant but in

ponoral it dooroasos ot a slow but constant rate. Little signif-
icancs hos boon attached to the curve beyond this so-called ultimote
point, howover. Tho curve would be expocted to romain herizonbal
and tho small felling off may be due mainly te cxcessive distor-
ticns of tho somplo leading to poor testing conditions.

Whether the- curve remeins flat or folls off beyond the ultimnto
péint, thore is o quite definitc point of tangency at approximatoly
0s2 inches displacenont. At very nearly the same displacenent the
verticel dial and the sample thickness reach o maximumn value, the
senple thickness showing o similar tondoney to decreasc somewhat at
larger strains. It would secm reasonable to assunme thot at this
point the ultimnte or eritieal void ratio e,, huos been roached on
the failure planc of the sarplco. An approxinmato method of debernin-
ing tho valuo of ¢, is discussed later in this report.

Studies of Minor Variables

Attention was given to tho minor wvarinbles which might affect
the values of tho results. Tncluded among theso variablos werce the
following:

1. Hdjustment of apporatus.

2+ Moisture and tomperature conditions,

3« 8ize of shear box used,

%+ Typo of sonple holdors used.

Se Method of insertion and proparction of sanples.
8+ Thicknoss of aorple,

7+ Spocing of the halves of the shearing box.

B8e Spceed of the test.

9« Conditions of Tuilding vibrotion.

A linited number of tests wore run to study the coffect of each
~of thoseo variablos as discussed individunlly below. It is to be
rocognized that on accurato determination of sorie of those wvariables
would roquire largo numbers of tests, Thus the accuracy of tho

investipations of the minor variables is not noarly so good as
obtained in tho rnin series of tests,



l. For accurate results, the necessity of keeping the apparatus
in good edjustment at all times is evident. Perhaps the most
delicate part of the mechine is the yoke which carries the shearing
load to the proving ring. In the early tests some difficulty was
experienced in the adjustment of this unit and it wes found that
at & fixed load small differences in adjustment could affect the
proving ring dial readings approciably. A small brass saddle seats
against and carries tho load from the yoke to the proving ring and
by applying point loads at verious locations along the lengbh of
this saddle diffcorcncos of roodings of as large as 4% could bo ob~
tained. The only change in the dotails of the apperatus made dur-
ing this secrios of tosts was introducod to romedy this difficulty,
The saddle which was originally mounted rigidly to tho yoko wos re-
dosignod to toke tho load from tho yoke by point boaring and to be
held looscly in placc whon not in contect with tho proving ring by
two guido serows,

There is one facbor which 1f prosont to approciable dogroc
would be undesirable, which connot be cnbiroly climinatod. For
idonl conditions the top half of the shearing box should romain
fixod in position whilc actually it moves by tho amount of compros-
sion indicated by the proving ring dial plus the amolnt of strain
in the pins and joints of the horizontal yoko. Tho vortiecal locde
ing yokc thus moves at its top whilo fixod at the bottom and it
induces a slight robation to all parts of the uppor half of tho
shearing box. The use of the proving ring keops this undesirablo
motion Yo a rolativoly smell value. Acbunl mensurcmonbs on o tost
undor 6 bons por sg. ft. normal load show a maximum movenment of
0,025 inchos, about onc-half of which 1s compression of tho proving
ring, As the vortical loading yoke is about 30" in hoight tho
rotation of the upper half of the shearing box is bolicvod to bo
so small that it is inapprecinble,

2e Procoubtions worc takon cgainst variations in moisture
content by using ovon dried sand, Past resoarch has indicatod that
the friction angle for dry and saburaotod conditions are cssonbinlly
cgual, whilo in the intormodiote ronge of moisturc content, apparont
cohesion has an offoet on the rosults. This affoet wis not ine
vestigotod in this seriles of toests.

The yrongo of tomporaturo expericncod in tho laboratory was
very smnll and could not conceivebly have any offect on tho shearing
“strength of tho sand., However, it did affcet the calibration of
the proving ring which measurcs tho horizontnl load. Between 17°C to
23°¢, an incremse in dinl roading of about 0.2% per °C was found. The
tomperature for this serios of tests woas so constant thot no cor-
roction was roguired, but tomperature corrcctions should ho considorw
cd if' o serics of tests were to be run during hot woonthor.

3, The standord sizc of shear box used in those tosts wos 3
inches squaro. Scovoeral tests wore run, howover, on o 12 inch squarc
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box to invostigate the offect of sizc of o sample. In gonorsl,

but little difforonce in shooring strongth was obscerved. In the
loose stato a% 1/@ ton per sq. £t values of tho friction angle
were about 147 smoller for tho large box ond a similar variation at
lowor veideratios wos indicated. However, no systom of void ratio
dotormination was sot up to give accurncies for the large box
comparablo to those obtoined in the stendard box.

Any load of ovar 3/4 tons per sg. £5. on the large box ovor-
toxes the capacity of the prosent mnochine and thus limits the
compirisone For further study of this factor shoaring boxes of
intornedinte sizos would bo rogquircd,

4. Porous stones worc usod as top and botton plotes in o fow
tests in the place of toothed grotings. Tho values of maxinmum
shoaring strongth obtained wore slightly lowor thon in tho standard
sobup, being on tho order of 1 to 15% smaller, This is rondily
imoginoed sinco it is apparent thot the teothed grating nmay have
more obility to distribubto the ncrmal and sheoring sbress uniformnly
throughout tho sample. It is known thot tho greater the variation
from wmiforn distribution, the greater is tho dogroe of progressive
action and tho smallor is tho difference between the ultimate
friction angle and the apparent moxirmm friction angle. On this
basis the toothed gratings appoar to give a slightly more uniform
stross condition and thorefore are to he proforred.

5., The carc used in preparing the sanmple appeared to be at
least as importoant o factor os any cothor ninor varinblo., It was
found that results were vory approcicbly affoctod whore the sample
we.s ploced in the shear box without care being token to level off
the surfoces I the top groting and loading block arce tilted at
an angle, ond therofore do not seat evenly agpinst the loading
bor, an cccontric condition of loading is obbainoed, and while ir-
roguloritios tond to disappeor during the run, the pealk shonring
force is roached very shortly sftor tho start of the test and any
irrogularities such as this dofinibely tend to affoct its value,

© With due rogerd to this faet, all loading parts were machinod
to 001 inch to obtain perfeet end lovel seating. Furthormoro,
-the surface of tho sample was sereeded off porfoctly lovel at the
stort of ench test by o scroed that was desigred to give tho
dosired thicknoss of sarplo,.

6+ The thickness of sdmple for most of tho tosts of this
series woas opproximately O.41 inchos. A linitod numbor of Losts on
sanplos with a thicknoss of 0,75 inchos indicuted about a 3%
lower valuc for the maximm friction angle. This groater thicknoss
apparontly causcs an offoet sinilor to thot of using smocthor
plates ot top and bobtom of samplo, giving a less uniform stross
distribution, greator progressive effect and thus o lowor value for
mxinun fricbtion angle.



Further resoarch to debernine the most advantageous thickness
of samples would be of value and of great intorest but a vory largoe
nrber of tests would be requircds

7« The spoeing of the sheuring box which gave the nost satige
factory operation was found to bo dopondent both on the grain sizo
of the soil and on tho void ratic, It was found that tho upper half
of the shear box should be spoacod so thot, at any time during o
tost run, tho largest sand groin is ablo to slip out unobstructod.
Otherwisc the top half tonds to "ride" the grains along its edgoes
cousing considorable irregularity of novenment and orratic shenring
lond rondings, If tho spneing is smallor than the maxima grain
dionoctor, some ¢f tho sand grains are forced part woy inte tho
opening betwoon tho scetions of the box and the somple is not froe
to compross, No difficulty was found in knowing whethor or not thoe
spacing was satisfactory as snapping end cracking of orushing sand
groins a8 well os jorky dial readings always pove ovidence of the
undosirablo conditionse. With the spocing larger than the groin
dianetor some groins aro surc to ocscape bub the numbor was nct
largé and the offoct of tho lost volunme on values coupubtoed for
vold=rotios was inappreciable. The conpression occurring in the
carly stoges of toests on looso samplos necessitatoed o larger spac-
ing for this stote., For this sories of tests the following spocw
ings were found to give satisfactory results: loosest samples,
<038 inches; modiun density sanplos 0,031l inchos; donsest somplos
0.025 inches. Thoeso spacings corrospond to 3/4, 5/8 and 1/2 turns
on tho 20 pitch spacing scrows,

8¢ The range of rate of shearing displacenents which may ho
cbtained on the nochine is from apvroximntely 0.1 inches por nminuto
to 0,006 inchos peor minutes In genornl the offoect of varintions in
this rato on tost results wos found to be inapprociablo. For tests
run slowor thon the standard spood of 405 inchos per minute no
diffcronces could he noticed, whilo at fastoest spoeds thore wos
no appreciable difforonco cxeephing for low normal prossures and
low veid ratio. Horo a relatively smnll strain couses failure ond
an insufficicnt tine for structural adjustmonts would show to
greatost offects Evon for this extreme condition tho differonco
in friction anglo did not oxccod 2%.

In the rosults of tests run on the stross-control type of
nachine tho conditions with respect to this variadle are very
differont, Actunlly, ot tho peak of the stross-strain curve, if
thoe shoaring stress is being increcased ot a constont rato, tho
rote of shearing strain becones infinite, It thoreforo follows
that the slowest possible tost on the sbross-conbrol type of
apperatus is rumning infinitely fast at the critical point os
comparad to the fastost test thot coan be run on a strain-control
tyne of rochine, This may be poinbed oub as o possible reason for
oxpeceting sonowhat highor friction angles by stress=control appa-
ratus.,



9. It hos beon nobed by other imvestigoators thot vibrotion
roy have an appreciable offoct on sheoring tests. Thus an investi-
gotion of the offect of the vibration of the building due to tho
cperation of heavy rachinery in adjacent laboratories wos rndo.
Tests were run in the daybine when vibration was hoaviest and also
at night when they wore ot o minimun and the offocts of cubside
traffic were negligible., No noticenble offoct on tho shearing
strongth due to vibration could be found.

Approximote Deborminotion of Shearing Strains and Critical
Void-Ratios

One disadvantage of a curve of the type of Figure (-2 is thot
it gives no data on the shearing strain. The following trootmont
is an atbtonpt to derive an iden of tho approximato magnitudo of
this strain and also of the criticel veid ratic and thoe offoective
thickness of tho zono ¢f shonre. Therec are o meber of gquostionable
factors which onter into this approach, tho answors to which can
be found only by supplenentary resoarch. In this case it is hoped
that in the near futurc results obbtoined by cylindriocal compression
tests will furnish valuablo corrclative data.

. The plots of Figuro Cw=éd show thot theoretical dial readings
approach o maxime end reroin fairly stondy os displacement pro-

coeds. This stoady portion of tho curve covors thoe stage of the

test whoro S5 flattens off to a sbroight line as shown in Fig.

C=2, In thaNfollowing considerations it will be assuned that ot
the peok vertieal dial reading the ultirsto shearing strongth of
tho scil has boon rooched at the plane of mid-dopth of the samplo,.
Sinco the cribical void-ratioc may be doseriboed as the value corros-
ponding to tho ultirmate shearing strongbth, it follows that for sonc
undotorninod hoipht at the conbtor of the sample the critical voide
ratio has boen roachod,

At this ulbimateo point a line, which would have passod vertical-
ly thrcough the center of the sample at the stort of the tost, has
distorted to the shape indicotod diaproamatically by the full line
ab in Fig. C«8, the ontire skeobeh reprosonting the cross-soction of
the sanpleos. Tho angle botween the vortical and any peint on tho
lino ab roprosonts the angular strein ot the point. The bangont of
this angle is the sheoring strain.

The offective heoipht of the zone of shoor, desipgnobed by H, is
deseribed as thoe hoight of sample whieh, if subjocted throughout to
o shearing sbrain ocqual to the ultinate average valuos ot the nid-
dopth of the actual sanple, would show tho sanoc shearing displaco=-
nents If tho curvoed line ab is roplocod by o brokon lino acdb and
obhor similoar linecs such as agbg -arc treated in the sume way the
shadod zone of Fig. C=8 is obtainod. It is sugpostod thot the
avoroge hoight of $his shodod zone may he token as a rough but
sufficicnt accurate conception of the mgnitude of H.
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The vortical dial run which is equal to the change in thick-
ness of tho somple, represents o wortical direcet sbrain, tho
magnitude of which is at any poirt dopondent on the shoaring
strain of the peint. Thore is o small ancunt of shearing stroin
outside the shndod arca of FPig. €=-8 and at top and bobtton of tho
shadod arot the shoaring strain is less thon tho maxirmm value at
the centor, while the distribution of vertical strein is siniler.
This loads to tho basic assunption which is made rolative to the
quantity H, tho description of which should be reenlled to nind
ot this pointe It is assuned that thoe ultimote change in thickness
of the actual sample is oqual to the change of thickmoss in tho
offoctive height which is oqual to H at the ultimete point, the
vertical strain throughout Bbeing that which ccerresponds te the
uniforn shoaring stross in height H,

It is worth while teo note in passing that o valuable visunl
picture of the nrogrossive offcect which hos beon nonbionod is
pointod out by tho differenco in the slepes of the lines ed ond

Czdzo

The basic formula for change of thickness of a sample in terns
of change of vold ratio givos the following:

= H
AR  {og= 0g)
l+cC

whorcein H is as described ebeve, AH is the change in this hoight
or the changoe of thickness of sanple during the test, during which
tine the void ratio passes from ids initial value o, te the critical

value, ¢,, For any given normal prossure the value of o, is constant,
The valuc of B may dopoend scmewhat on o, bubt it will bo assuned
constant at this point ond the effeet of any variation will be cone
sidorced latore Tho above is thorefore a lincar cquaticn in the two
voriables AH and oy, A plot may bo drown and sincogH and e, ore
know: for cach test there are as nmany peints available for tho plot
as tho number of tests run for the jiven nermal loads A typleal plot
of this type is piven in Figs C=9 for 8 tons per sq. fte normol load
while similar plobs for all londs used appear in Fig. C-10. It is
scen that thore is some scoattoring of peints but thet the averape
straight linc my bo found with foir cccuracy. The intorcopts of
theso lines furnish the desired constonbs ¢, ond H, since whon&sH = 0,
Cy = ¢, and whon o, = 0, A H 0y/{1+c,) = H, Howover, instond of
detormining tho intoreept ot ey = 0 it is morc convoniont to debor-
nine tho ono at & H = 0402 inchos. Thoe intorcepts at A H =0 and

A H = 0002 have boen picked from the curves of Fige C=10 ond aro
plotted apainst vressurc in Fige C-11A and C-11B. Tho snocth avoragoe
curves furnish values which have boon back-plotted o give the
light dashod lines of Tige. (=10 If 61 ropresont the value of o
whon & H = 0,02 thon H = 0,02 (140,)/(0,= 01}, Using velues from
the smooth curves of Fig. C-11A and C=11B in this ogquation furnishés
valucs of H which may bo plotted apainst normal pressurc as in Fige
Cc=-11C,

G~ 1l



Tt has already been mentioned that some question may arise as
to whether or not it was correct to assume H a constent and in-
dependent of ey » It should be noted that the eritical void ratio
detormination as obtained by intercept in Fig. C=9 does not require
that H be constant. If H dopends on ep the plot probably would
not be linear but the intercept atAH = ¢ would be available with
practically the same sase and accuracy.

Once the values of the critical void-ratio and the offective
height aro available the curves of the types shown in Figures (-2
and C~4 may be replottod to give the curve of S vs. shearing strain

X

and also the curvo of void-ratio vs, oithor’%_br shearing strain,

Using shearing strain for abscissao,:curves of the above type for
two typical tests, ono dense and one loosec, aro shown in Fige. C=~l2.
In accordance with the doseripbion of H, tho compubations arc mado
on the basis that bthoro is o change of thickness in the offoective
zone of shear which is oqual to tho chango of thickncss of tho
actual samplec,.

Tho curvos of Fig. C=12 point out in & vory instructive way
the reason why tho friction anglo is higher for donse state than
for loosc stato., The void ratio always is incroasing toward tho
eritical value whon tho peak valuo of % » dosignatoed by fp, is

being appronched., Tho amount by which this poak valuc oxcecds tho
ultimato'%, designated by fy,, is furnished by intorlocking of soil

grains. The amount of intorlocking is dopendent on the void=-ratio
which cxists at the peak point, or it may bo said thot more directly
it dopends on the difforence bobtweon the critiecal voideratio o, snd
tho void-ratio at the poak, ope A good visunlization of thoseo
quantitios is given by Fig. C=-12 and it should bo instructive to
obtain o comparison for all tosts of the velues (fp~ fy) and (cg= cp).
An attompt hns beon mode to show tho relationship by & plot. How-
ovor, it is vory ovidont that both quantities arc smell difforonces
bascd on relatively large values which do not have very high probable
accuracies. Thus in the plot of (fP = fy) ve. (0o= op) shown in Fig.
C-13 tho probable accuracy of any gilven peint is undoubtedly vory
low, However, all points fall bobweon ths two heovy dashed lincs

and noting from Table II that fy, has an average value of 0,50 the
following rough cmpiricel oquation may be obbeoined,.

A dense gsample hos o largo voidw-ratio chonge to undorgo bofore reach-
ing tho critiesl value, thoe course of this chonge being shown in

Fig. C=12. Rogardless of what tho shoaring strain may hoppon to be
whon the poak valuo fp is reached, it is ovidont that for a denso
sample thore must bo a large valuo of (ce= ep), groater intorlock-

ing and higher interlocking strongbh, (fp= fu), than there would be
for a loose somplec,

6 - 12



Tho nobation used in the above discussions and in the figures
arc piven in Table III. A bobulation of the most important of tho
tost results is [;ivon in Table IV, which is attoched at tho oend of
tho roport.

TABLE ITI

%, Angle of internal friction, tan™t (mox. 8 /%)

¢, Ultimotc anple of intormel friction,

Coofficiont of friotion, equal to peak volue
off S/N, corresponding to q

1
£y Ultirote coofficiont of friction

¢ Vroideratio

o, Initial void-ratio

¢e Critieal void-ratio

cp Void-ratio at pesk value of s/

cy Imtercopt cf curve of o, vse AH ot AK + .02
8  Shooring stross

¥ Normal stross

& I Chonge of thickness of sarnple

H Effoctive thicknoss of shoorod zone

Sunmary and Conclusicns

Using the now Me I. T. dircet sheoar mochinoe in which the shear-
ing stroin is cpplied at o conmstont rate ond mointoining all nminor
variables os noarly constont as possible, an extonsive sorics of
tests wore run on Ottawa standord sand ot verious initioal void-
rotios and normel pressuros, They furnish the shearing strongth
datn which is pgiven in Figurcs C=6 and C=7 and Table IT. A lindtod
numbor of supplonentory tosts to gtudy the offeet of minor variables
wore run and in no easc was it found that a minor varieble affocted
tho results by nmore thon 3%. Initicl veid-ratios were noasured
eorofully, By considerntions of initial void-rotios, of changos of
thicknoss of somples and of horizcntal displacomont, an attenpt was
made te obtain informntion on the eritical wveideratio and tho
shearing strainse The eritical void-ratio results aro showm in
Fige C=11A and typical strosse-strain curves in Fig. C=12.

The shooring strength resulbs aro sonewhat lower than thoe
generally accoptoed velucs which have hoen obbtained by cther types of

¢ - 13



direct shear machines, It was found that for a given initial
density the friction angle is considerably larger at small than at
large normal loads. Bxcept for these two statements no further
comparisons are made here as 1t is expected that results by cylin-
drical compression tests will be available in the near fubure and
comparisons with such data should be of much more value than
afforded by any data now avoileble. A still more important com-
parison which cylindrical compression tests should furnish is in
connection with tho critical density., The values ix Fig. C-114 arc
derived nftor introducing assumptions which many be questicnable and
theso values should not bo used for oven the roughest of indica-
tions until checked by somc othor method,.

All tosting work in conncetion with this roscarch was porformed
by Mrs T, M, Lopse The work was carried out cs o staff resonrch
projecet in the Massachusetts Iustitutc of Technology Soil Mechanics
Laboratory. It is horc prescntod as a progross roport. loro cone
clusive results on portions of the work such as the offoet of minor
variablos and the material relative to eritical voideratio will be
obtoeined through further investigaticon.

TABLE 1v

¢ — e |

P [ Foik Raodings UIEImato Woadings |
Tost ¢ Co I VoYt ,,dial T X Tort, 1'1;“ Hor. dial
. § 107% in, dial,A H
Cab=1 0.872 0.582 2o
052 LB6L 1 LB59 25,
005"5 .671 0582 "lO-
0.5=4 675 «582 14, 36, 0,497 0,200
0.5-5 685 565 1. 18, + 806 - 180
0.5"6 0675 ‘575 Gl 251 054‘37 0170
Q.5=7 5806 570 49, 116, 465 340
0.5«8 571 « 700 54, 208, «529 «190
1~1 659 =563 7
1.2 .660 +566 29, 56, 0.521 180
1-3 «B75 «559 10, 254 436 «200
14 870 +563 B 26 o +480 « 200
1=5 671 «389 =G, 2 e »490 . 200
1«8 2580 547 =T, 22, .5l6 « 183
1-7 598 641 55. 148, «515 170
1-8 2B0L 629 44, 140, «51b «190
1m9 «595 «529 5. 146, «D18 «220
1-10 801 .810 43, 138, «503 +180
1=-11 «600 +625 524 143, +510 «180
1«12 571 877 91. 197, #1587 180
1~13 574 BT7 49 167, «501 «190
1-14 « 584 569 584 169, «500 « 175
1-15 576 584 B 177, 501 » 220
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Toble IV = -

{Contirucd)

Peak Readings

Ultimato Readings

Test f | o T VorE amal | TeK.verte [Ty fior, dial
10™% 4n. dinl ., AH
3alf W576 880 55, 173, 512 w174
1-17 .608 599 60, 138, 521 »190
1-18 +528 599 42, 974 520 «180
1-19 625 586 33, 101, «503 « 220
1=20 .815 583 47, 124, 519 0220
2«2 +B70 554 ~17, 09, .519 177
23 +668 2539 2e 10 +504 +190
P +659 525 Te 25 o 172 « 250
2_5 0579 064:{.': 55. 1547. 0512 0180
P «595 +809 57, 125, .512 »190
27 +595 .609 43, 120, +530 .153
2uB .608 .606 30, 116, 511 «190
2=9 2595 +809 20, 124, +520 190
2~10 559 873 59 150, 504 .186
2=11 559 689 724 184, .515 .180
212 566 664 59, 157, +509 « 200
2=13 563 +669 57, 184, 511 + 200
2=14 565 .569 84, 152, 495 « 200
2ml15 869 .535 ~15, 34 AT +190
2-16 b71 +535 31 -29 525 «151
2=17 810 595 41, 102, 518 +190
2=18 807 «583 58, 964 +516 «190
2-19 570 669 B8, 158, W99 « 250
2= 20 562 .665 06 o 161, 98 250
3=1 0.650 | 0.535 8 25, +509 0,180
B2 852 524 Te 23 +516 +178
3m3 859 517 3o 17, +504 200
Bead .645 o542 ~2e 324 +519 <170
3-5 .669 .525 -7. "10 0508 ‘190‘
* 3mB 869 o524 -11e Te «505 «190
BT 802 588 30 97 501 «190
BB 588 .588 37 109, 496 »190
3=9 592 611 57, 134, 510 «180
3=10 578 619 Tle 139, +501 +190
Bwll 595 «590 35, 126, 484 «210
=12 +568 6286 544 171, 296 «220
3ml3 +556 +643 52 159, «£96 »130
3-14 582 «654 79 169, +£06 « 220
3w=l5 <554 <660 844 161, «500 « 220
3m16 +565 629 81, 164, 406 «180
BewlT +655 «522 =5
3m18 554 +533 Gq 30 «4 96 $220
| 3~19 6684 530 34 12, 496 «220
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Table IV - (Continued)

Pook Readings

Ultimate Roodings

Test # %o o Vort,.dinl Mpx.vert. | £, Hor.'dial
10~%4 in, ginl, AH
4~1 847 o541 20, 39, 511 +220
LwD +650 549 Be 26, 508 +200
43 651 535 -2, 124 511 «210
Lol 645 545 20, 47, +512 +210
A= 646 544 18, 35, 505 +200
Lub «580 .599 56, 149, +514 <200
Gm? +575 6086 834 148. 502 .210
4B 576 «600 704 149, o494 .160
4=9 575 624 42, 134, 496 160
4-10 582 579 49, 120, 286 «190
4=11 551 624 51. 160. W47 «350
4-12 551 649 61, 147, 491 «220
4=13 555 642 T4. 157, .495 «220
4uld +555 4639 54, 144, 491 «190
415 555 +628 61, 144, 491 +230
4=16 .656 535 ~Te 18. «506 «190
4wl 651 535 12, 27 .499 «190
418 +654 538 ~le 18. 515 «160
{1:_19 .658 1524 "'15 . "110 -506 ¢16O
420 .589 577 38. 102. »503 .160
421 584 585 55, 113, 511 +160
4m 22 <547 654 70 164, 492 «190
4:""25 0551 .64:9 65. 1510 0505 .190
5-1 | 0.641 532 13, 34, 513 +190
5""2 -64:5 0539 O. 32 L] p513 .210
5=3 646 +529 2e 28 508 «240
Stk o842 527 37 39 516 2180
Swb 636 550 264 37 520 «180
5wb 548 647 83. 172. #495 +210
5=7 554 639 80 177, 490 220
5=8 «540 «B65 764 191, «496 «250
5«9 549 +636 TTe 179 +490 « 250
5=10 W549 654 52, 170, 500 »220
511 575 #5998 Ble 140, «500 +190
512 575 610 57 146, #498 « 200
Eml3 579 | 598 56, 131, 500 «200
5=14 579 593 48, 128, 505 175
5~15 581 .584 64, 140, <408 »190
5""16 1660 05 25 "'10. 10. 5515 |180
=1 «649 +524 Ze 26, 508 . 210
6=2 o649 525 5 25, «491 « 200
Gm3 631 524 12, 20, «500 «200
Gt 642 519 10, 38, o493 «250
6""5 stl .515 19. 28 Iy .497 '200
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Tablo IV -~ (Continucd)

Peok Readings

Ultimote Roodings

Test # | oo £p  |Vort.dial Mox,vort. | fy Hor., dial
. 10~% in, dinljAH
B8 4566 +596 49, 138 +490 220
BT 560 615 57,4 148, «504 160
6=8 +565 586 644 133, 504 « 190
6~9 575 ,586 65, 127, 2494 .190
6=10 580 574 80, 113, #4598 W 170
8-11 #541 B47 63, 165, 487 $ 240
Bel2 «540 533 73 1724 487 « 220
- 613 o545 529 534 1674 o492 «220
6-'14 ¢548 .630 500 1610 n4:87 0250
6w15 553 «630 644 183, 492 « 250
6-16 506 549 20, T2 497 +180
6w17 610 539 15, 61 500 »180
6*18 .610 .54:‘}: 28 . 77 . 0505 . 210
8wl 610 530 39, 77« 1 4500 « 200
Bu20" 551 515 23 o ~16. 487 ,190
622 584 568 Ug, 93 486 180
£u23 «590 #5483 27, 75, 500 .160
Bl W849 626 56, 133, o295 +190
6—25 0548 0630 58. 129. - 0510 0190
B W0G44 510 =12,
3=2 545 820 4o 153, JAGL . 166
3=3 +636 502 =15, -8 o407 #1680
Bmds WBL5 o515 Le 9 502 «150
6—5 0659 0527 "'3. 7 0512 0190
OmG «O&T e 524 w g "B, .5l4 «1EB0
Gu'? o560 631 8G, 155« 2499 160
8=G +540 «639 8G, 160, L4058 « 220
8"9 0542 .636 57. 1540 ¢504 0220
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A MACHINE FOR DETERMINING THE SHEARING STRENGTH OF SOILS

Horold A. FidleP, Rescarch Assistont in Soil Mechanies,
Massachusetts Institute of Technology, Cambridge, Massi

The majority of problems involving the stability of scil, in
an ecmbankment or as a foundation materianl for example, require a
knowledge of the shecring strongth of the soil. A number of tosts
and devices have boon used for determining this fundoamentel property
of soil, but most of them hove o limited application, At the
prosent timec, the type of test commonly used and onc thot may be
applied to all soils is the "direet sheor tost®,

In the direct shear test the soll samplo is placed in o box
divided into two parts along o horizontel plone., 4 wertical load
is applied to the soil and the horizontal force necessary to pro-
duce relative mevement between the upper ond lower half of the
box is determined. This horizontal foree divided by the area of
the shearoed plance is the unit shearing strength of the soil undor
the conditions tosteds. Tho shenring strongth of soils incroases
with an increasc in strain up to o cortain maximum valuc. Then
in soms soils, duc to a change in structuro, tho shearing strength
deereagos with inecroased strain and graduslly approachos o definite
value which is smallor than the moxirum. Theso values are called
the mxirum and ultimate shearing strengths, respectively.

The varinble which hos the greatest offoct on the shearing
strength is the normal pressure on the plane of shear. During
shearing tests there are tendencies for changes of volume in the
sample ond it is essontial that thesc changes be able to occur with
absolutc froodom and without affeeting the vertical pressure on
the sample,

Tho first shearing machine built to allow adequately for
varticol expansion and contraction of the sample was dosigned by
Dr. Arthur Casagrande in 193C. 1In his dovice, o two-part box
holds the soil somple which is 6 cn, square and cbout 1 ene. thick.
A set of two porous stones or toothod gratings grip the sample at
the top and bottom, Those aro used to inducce an approxinmately
wmiform distribubion of shearing stress in the senples The hori-
zontal load is applied by moving 2 weight along a beam, which, by
means of & rockor cousos the uppor part of the box to be displaced
end thus applics a shearing force to the sampie, The leoad is ine
croased vnifornly uwntil failurs rosultsi this occurs when the dis-
placement continues without further incrense in load, With this
typoe of machine, the roximum shear is found bubt the ultimete shoor-
ing strongbh cannot bo determined.

Tho first machine applving 2 uniform ratoe of movenent botwoen
the two oloements of the shenring box was designed by Dr. Glennon



© gilboy (B.N.R. May 21, 1936, “Improved Scil Testing Mothods"),

In this nochine the vortienl load is applicd to the specimen by
noons of a jack roacting agninst a yoke system and the nagnitude
of the load is measured by o platform scalo on which the shearing
box rests. The upper part of the box is comiected to o horigzontol
load-nmeasuring dovice and the platfornm sealeo, with the bobton part
of the box rigidly atbached to it, is moved horizontally ot a
uniforn rate by means of anobthor jack. At definitc inbervals,
readings arce token of the horizontal force required to hold the
upner part of the box statiorary, and of the horizontal and verti-
cal movenent of onec port of the box with referonce to tho othor.
By this noons the curve of sherring stross ws. shenring displocenent
ray be carricd poast its moxirum te its ultimate valuce.

On the first fow machines of this type, the horizontal lond
neasuring device cconsisted of & bollows filled with voboer and
registoring the pressure by moans of & calibrated mercury manomebor.
A mochine of this type (Figure D-1) was designed at the Massachusetbts
Imstitube of Technology carly in 1936 by Mr, D, Wi Taylor, Roscarch
Assocliate in Soil Mechanies. Originally & bollows unit was used as
the horizentel leoad neasuring devico, but it was not completely
satisfoctory due to the fact that it compressed as ruch as 1/2 inch
in tho total range of load (300 lbs,. rmox. load). This compression
of the bellows permittoed the vortical yoke to tip slightly which
introducod o small undesirable horizombal componcent of forco. Also,
tho beollows would sonmetines kink, a loak would develop in the sys=-
ten or the manoncber would broak, In addition, it was inconvenicnt
to calibrate the bellows.

To avoid thosc difficulties, o steol ring, similar to tho
proving rings used in the ecalibraticn of testing nochines, was
adopted as tho lond-meosuring dovice. This dovioce has proved to
bo oasy o road, accurate, ceusily calibroted and it has o snell
displacomont undor full loand, '

A standord proving ring was considered, but it wos too
clabornte and costly. Professor A. V. do Forest of MeI.T. sug-
gosted using & ball bearing race und moasuring the defloction
(which is o function of the applied load) by moans of a dial paugo,
Twe discarded outor ball beoring races were cbtained and reduced
to different thicknessos so that one ecould be used for lipht lead-
Jing and the otheor for henvy loading. Thoy were cub from the inside
80 that the rings cculd be inteorchangoenble without the uso of
shins. A holder was dosimned to support the ring and hold the
neosuring gouge in place. By romoving two thub serows, one ncasur-
ing wnit consisting of holder, ring and dial porrmanontly fixed tows
gether moy be disnounted fron tho machine and reploced by ancther,
Pigurc D=2 shows the light cnd tho he-vy loond ncosuring units. {

Two approximatce forrmulas arce neclod to esloulnte the size of .
ring required to fit the piven purpose of deflection and load v
corrylng eopoeity: /\ = ,149 E:%‘._ ond £ = ,510 T.li“_z, whore £\

D-2
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is the dofloction of the ring along the diamster along which tho
concontrated lead P is applied, r 1is the radius to the verti-
cal axis of tho cross seetion of the ring which has o moment of
incrtia of I, o modulus of elasticiby of E, o distance of ¥y
fron the neubral axis to the oxtrone fibor which has o moximun
stross of fonyxe Ahy consistont units may bo used in the abovo

formulas. Tho dial paugo can be rmade to indicate the load diroctly
by having the ring ground %o & size wherc ono division on tho dial
roprosents a convenient unit of loade The lipht weight londing
ring in the M.I.T. loboratory was designed to have a capacity of
200 pounds with 1/2 pound reprosenting ineh on tho Ames Diol

Gauge, whorons onc division ropresents 6 pounds on the heavy lead-
inz ring which has 2 ecaipacity of 1000 pounds.

~ To minimizo permonont sot end for strongth the rings should‘\
be of high carbon stecl, heat troatods. The rings should ho ap- -
proximotoly the desired size bofore heat troating, sinee thoy caﬁ//“
orly be worked with o grinding wheol after treoating. .

Beforo calibrating the ring, it should be given its maxinum
load and then roduced to zorc about o dozon binmes in corder to got
rid of hysterosis offectss The ring is calibrated by placing it
~n the platforn seale and the loads are applied by neons of the
vortical loading arrangonent of the shonring moachine, In calibrat-
ing the ring, loads are applicd in incromonts and the dial read,
It will bo noted that the cealibration curve is not quite tho same
for loading and unloading, but tho varistion is lcss than one per

© . conf s In tests, the loading eurvo is always used becouse tho

applied loads inercase teo o moximum value and then docreaso o
snall ancunt to the wltimate load. For this smmll range,; howover,
the differonco in tho loading and unloading curves is sldpht.

When the ring has not been used for sevoral days, it should
bo put through the loading and unloading cyele throe tines, using
about 50% of tho capacity load boforec o test is rode. This may be
done while it is in place on the mochine by pulling against the
shear box with tho locking pins in ploace. When this is done it
~will be found that the deflection of the ring follows tho ealibro-
tion curvo oxnetly. The dials can be roud to o Tifth of a division
since the type of Ames Dial Gauge used has that proeision whon used
ovor o smnll rangce This corrosponds to roading the light ring to
1/10 pound cver a range of 200 pounds cnd reeding tho hoavy ring
to one pound over a range of 100G pounds, Obviously, this accuracy
is not elained or warrantod in soil tosting, but it indicates thot
the readings are prebably accurate within about one per eont,
These rings do not permit o procision oqual to that of the standard
type of proving rings, but they are direct rending, more conveniont
to handle and yield sufficiontly accurato results for the purposc
in hand. .

Thoe shearing box (Figure D-3) usecd in the laboratory at M.I.T.
hns several novol featuros, It is made of oluminunm with dure-
lurminum posts and screws which saves a groat denl of weipght, making
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the final reduction is mountoed directly on the jack shaft which
also has the hand wheol on it, Tho worm for this gear is commnecbed
to tho motor through the flexible shaft so thet the worm can be
displaced from its geor whon hand oporation is deosired, This wornm
and pear are so arranged that thoy can bo easily roplaceod with
another sot of a differont throod.

Tho 1/30 H.Pe motor is of the serios wound typc so that its
speed may boe controlled by a rheostat. 4 60 to 1 reducer is built
in tho motor end the worm gear has 80 teeth, sinple thread. This
gear can oasily bo roplaced by ono with 80 teeth, 4 threads, so
that the maxinmun speed can bo quadrupled. At prosent, shoaring
tosts roy be run to o displaocement of 0.4 inch in timos of from
5 minutes to an hour,

The franework for the shoaring mechine is structural stoel
welded intc one solid wnit, This is mounted on pipe leog supperts
at about table height and the whole machine rinde so that it can bo
roadily novod.

In genoral, the rosults by this mechine indicate a slightly
lower value for the coefficient of internal friction of sands than
hos beon obbtained by other nmachinos., This is beoing further in-
vestigated at the present times Jnothor vory imporbtant subjeet now
being investipnted is the volume change associated with the de-
formation of the soil., Althoupgh it is practically impossible to
evaluate this problem quantitatively with the direct shear type of
test, it is hoped thot meny valuable indications to the solution
of the problen maey be obtained.

Romarkably consistont rosults have beon roalized with this
apparatus in obtaining the moximun and ultimoto shearing resist-
ance of tho soils tostod. PFigurcs D=5 ond D=8 shew typleal curves
obtainod by this type of shearing machinc. The smooth oporation
of tho machine is cne of its chief advantoges.
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- THE SHEARING RESISTANCE OF REMOLDED COHESIVE SQILS

by M. Juul Hvorslev,
Research Enginéer for the American So-
ciety of Civil Engineers.

INTRODUCTION.,

In the years 193Y% to 1936 the writer made a series of experi-
ments in Professor Terzaghi's soils mechanics laboratory in Vienna.
The object was to find a general expression for the maximum shear-
ing resistance of clays whicn would be in better agreement with the
test results than the commonly used conditions of faillure. Some
experiments were also made to investigate the slow plastic flow be-
fore failure and the decrease of the shearing resistance after
faiiure.

A preliminary account of the results of these tests was pudb-
lighed in form of abstracts in the Proceedings of the International
Conference on Soil Mechanics and Foundati on Engineering at Harvard
University in 1936, The complete report on the test results and the
final conclusions drawn therefrom were submitted as a thesis to the
Vienna Institute of Technology. According to the requirements, this
report was writbten in and later also published in German. As the
above-mentioned abstracts are too abbreviated to be readily under-
stood, a more detailed account of some of the results of these tests
will be presented here.

In order to obtain consistent results large amounts of abso-

. lutely uniform testing material are required for such investigations
and it becomes necessary to use remolded clay. The physical proper-
ties of undisturbed c¢lays are not sufficiently uniform and it is dif-
ficult to avoid a partial disturbance of the soil structure during
the preparation of test specimens., Furthermore, the undisturbed
clay has a definits stress history which may not suit the particular
test. The results of tests on remolded clays may not be directly ap-
plicable to undisturbed clays, but such tests are a necessary pre-
liminary step towards a general understanding of the elastic proper-
ties and strength of both remolded and undisturbed cohesive soils.

NOTATION.

In order to facilitate the use of the original drawings for the
aforementioned publication in German, the majority of the symbols
used therein will be retained, although in a few instances they dif-
fer from the symbols commonly used in this country. A general list
and explanation of these symbols are given below,

B Index of virgin compression.
o Cohesion.
e Basis of natural (napierian) logarithms.,

R
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Thickness of sample.
Change in thickness of sample.

Natural or napierian logarithms (logg).
Porosity.
Degree of overconsolidation.

Effective consolidation pressure.
Effective normal stress on plane of shear failure.
Unit consolidation pressure (p; = 1).
Equivalent consolidation pressure.
Capillary pressure.

Pre~consclidation pressure.
Compressive strength.

Shearing resistance ('Lﬁax Y.
Equivalent duration of shearing test.
Hydrostatic pressure in the porewster.
Moisture content.

Plasticity index.

Liquid limit.

Plastic limit,

Shrinkage limit.

Angle between the first principal giress and the plane of
failure.

Angle vetween first principal stress and plane of stratifica~
tion.

Void ratio.

Void ratic for p = Py

Coefficient of effective coliesion.

Coefficient of internal friction.

Coefficient of effective internal friction.
Krey-Piedemann coefficient of cohesion.
Krey-Tiedemann coefficient of internal friction.
Goefficient of apparent internal friction.
Specific coefficient of effective cohesion.
Effective normal stress.

Total normal stress.

Bffective shearing stress.

Total shearing stress.

Angle of internal friction (suffizxes as for u).



IMPORTANT FROPERTIES OF COHESIVE SOILS

S0ils in general are polyphase systems with mineral grains as the
dispersed or solid phase and with air and water as the dispersing
media. In the following, however, only fully saturated soils will
be considered. As indicated by its name, the main property of a
cohesive gs0il is thepossession of the so-called true cohesion in
contrast to the apparent cohesion, caused by capillary and flow
pressures, which alsge appears in cohesionless soils, TFurthermors,
the cohesive soils are generally able to undergo plastic deforma~
tions. According to current concepiions, these properties are
mainly due to the content of minute particles of certain minerals,
the so-callced ¢lay minerals. Due to their crystal structure these
particles have the form of flakes and are able to attract and orient
the bi~polar water molecules in such a manner that the water changes
its original properties; the density and the viscosity increases the
closer we come to the surface of the flaky particles. Thenarticles
may be said to be surrounded by films of partly solidified water.
When these films overlap, certain internal forces are created and
vind the particles together. We do not yet know the exact nature
of these water films and the forces they create, and the above con-
ception is Jjust a rough working hypethesis.

The structure of an undisturbed cohesive soil is generally
more or less stratified, but after a thorough remolding we may as—
sume that even the flaky mineral particles have no preferred
orientation. However, when such a remolded clay is reconsolidated,
the flaky mineral particles will orient themselves in planes per~
pendicular to the direction of the major principal stress and we
obtain an anisotropic material. This must be taken inte considera-
tion in the planning and interpretation of laboratory experiments.

The existence of such a2 stratification in clays can be demon~
strated in several ways, for example, by the following simple test,
From a remolded sample of clay, consolidated by confined compres-
gion and then partially air-dried, thin slices are cut out parallel
and perpendicular, respectively, to the direction of the principal
consolidating force, These slices are then laid in water and, as
will be seen from Fig. B-14 and B-1B, cracks occur at right angle
to the dirgction of the mojor principal stress. If, however, a ball
of remolded clay is formed and only air-dried, then the consoli-
dating force -~ cgpillary pressure - will be of egual magnitude in
all directions and cracks in a thin slice, cut from the ball and
laid in water, will not have any preferred orientation.

Many undisturbed soils become soft when they are kneaded; this
decrease in strength is primarily due to the disturbance of a complex
internal structure, bullt up of grains of various sizes and floca of
small grains (Gasagrande (2))* However, meny remolded soils also
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* This reference number in parentheses, as well as others which fol-
low in the text, refers to the numbered bibliography on pages
B-28 to F=30.
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gsoften when they are kneaded some time after the first remolding,
but this decrease in strength is more or less reversible. After
the molding stops the clay will regain its strength partly or en-
tirely in course of time., This property is called thixotropy,

and the loss of strength can be explained roughly as a temporary
disturbance of the structure of the films of water surrounding the
clay minerals (Freundlich (6)). Closely connected with the thixo-
tropic phenomena is the variable viscosity of clays undergoing
plastic deformations. This so-called structural viscosity varies
with the disturbance that has taken place. The effect of these
two properties on the interpretation of the resulis of shearing
tests will be discusgsed later.

Of primary importance for the determination of the deforma-
tions and shearing resistance of soils is the distribution of the
stresses tetween the solid and liguid phase of the soil.

When a soil is subjected to stress, one part of this stress will
be transmitted through the surfaces of contact between the mincral
grains or between the films of water surrounding these grains and
another part of the stress will be carried by the free water in the
pores. Is 6, the total normal stress on a certain plane, © the

normel strese carried by the mineral grains, also called the parti-
cle or effective stress, and u the hydrostatic pressure in the pore-
water, then

6; = 6 +u. | | 1)

As the value of v at a certain point is iﬁdependent of the direc~
tion of the plane under consideration, the total shearing stress T+

must be equal to the effective shearing stress { .

T, =T - @)

That is, the water does not transmit any part of the shearing
stresses., From the work of Terzaghi, Casagrande, Jirgenson, Rendu~
lic, and others we kmow that 1t is solely the effective stresses
which govern the conditions of failure and the ultimate deformations
of snile, The value of the hydrostatic pressure in the porewater is
of ne importance when we operate with effective stresses. However,
in most stress computations the total stresses are determined first,
and in this cas¢ the hydrostatic pressure in the porewster is of
extreme importance for the conditions of failure. It is often very
difficult to determine the effective stresses and therefore tempting
to operate with the total stresses, but, ir many ingstances, this
procedure has been the cause of misinterpretation of shearing tests
on saturated soils.



A value of u equal to a hydrostatic pressure corresponding
to the depih under the free water surface is called themtural hy-
drostatic pressure in the porewater. The difference between the
actual and natural hydrostatic pressures is called the excess pres-
sure, which may be either positive or negative. In cese the soil
is acted upon by a capillary pressure, Pyes the hydrogstatic pressure

in the porewater right below the surface has the numerical value py
but is negative, or u = = P+ In case of flow in the porewater a
flow pressure corresponding to the slope of the hydraulic gradient
is transmitted to the mineral grains through friction and is thereby
added directly to the effective stresses.

If the stress conditions are changed the soil will be subject
to considerable changes in velume or, as we generally express it,
the void ratio will change. Furthermore, the volume or void ratio
depends not only on the asctual stress condition but on the whole
stress history of the soil. In Pigure E-U is shown a tyvical
pregsure-void ratio-diagram for a remolded soil reconsolidated by
confined compression. The void ratio, E , i1e plotted as ordinates
and the effective vertical stresses or consolidation pressure, p,
as abscissae. The curves on the right are identical with those on
the left, but here the logaritims of p are plotted as abscissae.
The curve o-m=b we call the virgin consolidation curve, m—-a the
rebound or expansion curve, and a-b the recompression curve. The
corresponding states of consolidation are called nabural consolida-
tion, simple overconsolidation, and cyclic overconsolidation. The
effective vertical pressure p, correspending to the start of the
rebound curve is called the pre-consolidation pressure,

The virgin consolidation curve can be reprsesented approximately
by the following equetion, in its basic form first given by
Terzaghi:

co__1 2 +f

where E is the void ratio, p the actuml, effective consalidation
pressure, py the unit of pressure (pl = 1); B is a dimensionless
constant called the index of virgin compression and equal to the
slope of the line o-m-b in the semi~logarithmic plot when na-
tural logarithms are used; E’l is the void ratio corresponding to
P =P The wvoid ratioE]_varies o some exbtent with the wvoid ra-
tio at the start of the test and the manner in which the test is
carried out, while B or the slope of the line o-m-b in Figure
E~-4B remains fairly constant; that is, the curves as a whole may
be shifted a little to the right or left according to the test con-
difions.



In order t¢ facilitate the analytical expression and graphi-
cal representation of the influence of the void ratisc on the
shearing resistance and comopressive strength, the equivalent cone~
solidation pressure or, ir short, the eguivalent pressure will be
used later and is defined as the pressurce in the virgin pressure-
void rutio-diagram which corresponds to the actval void ratio of
the soil, From equation (3) we obiain,

e = p1 SE, -6, (%)

where e is the btasls of natural or naplerian logarithme. The ra-
tio n. bvetween the egquivalent pressure P, and the actual pres-

¢
sure p ,
D
- e
ne =52 (5)

we will call the degree of overconsolidation. Graphical represen-

tatlon of compressive sirength by means of equivalent pressures
vere first used by Terzaghi and Janiczek (page 560 in (19)).

COMMONLY USED CONDITIONS OF FAILURE.

When the shearing load is increased in gteps and not contine
uously, we observe after each increase in shearing stress that the
velocity of deformation decreases with time until it finally be-
comes zero. In other words, there is a definite relationship be~
tween siress and strain. However, as the shearing load increases
the time required %o bring the displacements to a complete stop
also increases. Finally we reach a shearing stress at which the ve-
locity of the displacements does not decrease to zero but approaches
2 certain definite, very small wvalue., A continucus, slow plastic
flow 1s taking place. Terzaghl has called the shearing stress at
which this slow plastic flow starts the bond resistance (see (18)).
If the shearing stresses are furiher increascd both the initial and
zltimate velocities of displacement after each load increment also
increase. There is no longer a definite relationshiv betveen
stress and strain but only between the stress and the velocity of
the slow nlastic flow. Waen we get close to ths maximum shearing
resistance there moy be sudden increases in the velocity of dis-
placenent, but after each of these spurts the veloclitiy again de-
creases to the velocity of the gslow plastic flow. On the other hand,
when a certain higher shearing stress is reached the velocity of dise
vlacement keeps on increasing and in order 1o effect a decrease of
the velocity we must decrease the shearing load. This naximum shear-
ing stress is called the shearing resictance.

Several invesiigators have used the shearing stress at which

the first sudden increase in the displacements occur as the shearirg
resistance. This may be sound from s practical standpoint, but this

B~ 6



shearing stress may vary, in case of identical tests, between 85
bnd 100% of the maximum shearing resistance, which is a much more
definite value. In the following we shall therefore use the ac—
tual maximunr value of the shearing stress as the shearing resis-
tance,

*  The shearing resistance 1s composed of two parts, a fric-
fional resistance and a cohesion., As conceived in the following,
the cohesion is not necessarily a constant for a given material

but is only constant for a given point 1n the soil under given
stresg conditions; that is, the cohesion has the same wvalue for all
planes through that point, while the frictional resistance varies

with the normal effective stress on the plane under congideration.

The oldest and most commonly used expression for the maximum
shearing resistance of cohesive soils 1s given by Coulomb as follows:

s=pp + c = ptan@+ o, (6}

where s 1s the shearing resistance and p the effective normal
stress on the planc of failure; is the coefficient and the
angle of internal frictions ¢ is the cohesion. This relationship
is graphically represented by the line a-b in Figure E-K, We
call this line the shearing resistance curve., When and ¢ are
cons tant or independent of the stress conditions and the direction
of the planes of failure we have the well-known relation

tx-—_wa-g, | (7)

where OL ig the angle between ths direction of the major principal
stress and the plane of failure, Figure E-6.

If the cohesion is gzero, we obtain the shearing resistance
curve o-m or

s:psp=ptr_—m§Ds. ' (8)

This expression applies in general to cohesionless materials, but
in case of cohesive soils in a state of nmatural consolidation the
gshearing resistance curve will often be a2 siraight line through

origo. In this case, however, the angle 4) o does not reprosent

the true angle of internal friction, as we, by changing the state
of natural consolidation to one of overconsolidation, can obtain
shearing resistance curves corresponding to the line &b and
theredby another angle @ 3 that is, for the point of intersection
between the lines a-b and o-m we have the choice between two
angles of internal friction, while the angles gD determined by

-7



means of the inclination of the planes of failure and equation (7)
seem to be independent of the state of consolidation of the soil.

Therefore, when applied to cohesive soils we call the angle QPE

the angle of apparent internal friction.

By means of Mohr's stress diagram, shown in Figure E~7, wé can
express the condition of failure in terms of the major and minor
effective principal siresses, 61 and Gé, as follows!

6, - 65= 2sin@(p; + 3 (6] + 63)), (9)
whers
_ &
P = tan g (10)

indicates the magnitude of the internal forces created by the over~
lapping of the waterfilms surrounding the clay minerals, In case
c and thereby P; is gzero, we obitain

4

6. - 6
_1‘.....-«..-3-— = sin ‘?S‘ (11)
61 + 63

Equation (10) is known as Mohr's condition of failure and equation
(11) a2s Rankine's condition of failure, but both are just other ex—
nresgions for Coulombls law.

Daring the first years of experimentabion in modern solil me-
thanics laboratories it was found that both @ and ¢ varied be-
tween rather wide limits, and the whole subject of the actual
shearing resistance of cohesive soils becamc confuged and uncertain,
This confusion was due largely to the fact that the influence of
capillary and flow pressures was not yet realized and that, in many
of the earlicr shearing tests, the vorewater carried a part of the
normal stresses on the plane of failure. Through the experiments
by Casagrande (%) and Jurgenson (10) it was shown that the soils, in
contrast to cther building materials, undergzo considerable volume
changes when subjected to pure shear. Conseguently, an increase in
the shearing stresses creates a temporary excess pressure in the
porewater and the eoffective normal stress is then not any more equal
tc the external pressure. In order to obtain effective normal
stresses equal to the external pressure, the shearing test must be
extended over a period long enough to sllow egqualization of the ex—
cess pressures in the porewater.

Even in case of such slow shearing tests we can obiain any num-
ber of shesring resistance curves for a given soil. Krey (12) ex~
perimented with clays in a state of natural and simple overconsolida~



tion and determined shearing resistance curves for various pre-
consolidation pressures. Tiedeman: (see page 37 in (16) and page
114 in (1)) extended these experiments, observed that these shear—
ing resistance curves were nearly straight and parallel, and sug-
gested that the cohesion was directly proportional to the pre-
consolidation pressure p,, thereby obtaining the following condi-
tion of failuret

8= }lrp+ ;U’cpm = ptan?)r*' pmtang)c. (12)

The graphical determination of the coefficients B and P,
and the angles g)r and g)c are shown in Figure E-8, where the line

o~m1—m is the shearing rosistance curve for the material in the
state of natural consolidation. In the latter case we have

P, = p and ¢ = Bo P or
s=ptan§()s=ptangpr+c. (13)

By this interpretaition of the regults of the shearing tests we ob-
tain the ssme angle of internal friction qbr whether the soil is

in a state of natural consclidation or overconsolidation and the
variations of the cohesgion are thereby partly accounted for,

Althovugh the XKrey-Tisdemann condition of failure is a decided
improvement over the old Coulomb condition of failure it does not
fully explain all the tesgt results. The angles @ r &re atill

consideradbly larger than those obtained by means of gimple compres—
sion tests and equation (7). Furthermore, the shearing resistance
curves for overconsolidated clays are actually not straight lincs
but curves.and form 2 complete hysteresis loop, Figure E-9, when

the experiments are cxtended to include cyelice overconsolidated
soils (Terzaghi (17) and page 550 in (19)). This means that we can
obtain two different values for the shearing resistance for the same
pre-consolidation pressure, Ppys and the same effective normal
stress, ©p.

A NEW CONDITION OF FAILURE.

The above-mentioned shortconings of the Krey~-Tiedemann condi-
tion of failure and the gimilarity btetween the shearing resistance
hysteresis loop and the pressure-void ratio-~diagram led the writer
to Delieve thnt the cohesion mainly is a function of the void ra-
tio, or of the already definsd equivalent consolidation pressure.
The investigation of this hypothesis was one of the main objects of
the sxperimants.
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The tests were carried out with two entirely different clays,
the silty Viemna Clay and the fat, highly plastic Little Belt Clay;.
both are marine, tertiary claya. The grain-size distribution curves
and the Atterberg limits are shown in Pigure E~10. Vienna Clay cone
tains about 35% of particles smaller than 0.005 mm, has & liquid
limit of 463 and a plastic limit of 22%, while Little Belt Clay con-
tains 93% of particles smaller than 0.00% mm, has a liguid limit of
128% and & plastic limit of 36%. The pressure-void ratio-diagrams
for the two soils are shown in Figures E-11 and E-12. As men-
tioned before, the testing procedure may have some influence on the
location of the curves but comparatively little influence on their
slope, The dotted lines represent curves of virgin condolidation,
determined by confined compression in the shearing boxes under ex-
actly the same loading procedure which was used in the preparation of
the shearing test gpecimens; these curves were therefore used in the
determination of the equivalent consolidation pressures.

The stock material of the two soils was thoroughly remolded and
mixed with distilled water until a moisture content clase to the
liquid limits for the respective soils was reached. From this steck
material natural consolidated, simple and cyclic overconsclidated
shearing tests specimens were prepared. The pre~consolidation pres-—
sure was 2,0 or K.0 kg/cm®. One week was allowed for the initial
consolidation and one week each for rebound and re-consolidations
the preparation ¢f a cyclic overconsclidated test specimen thereby
required about three weeks,

The shearing resistance wag determined by means of the Krey
shearing apparatus with Terzaghi shearing bexes, shown in Figure
E-13. Special arrangements were made to measure the vertical move-
ments of the surface of the sample and of the upper part of the
shearing boxes. Several months were used for investigation of the
influence of friction and of the displacements and vertical move-
ments of various parts of the shearing apparatus and shearing
bYoxes. The shearing loads were applied in increments of about 2%
of themximum shearing load and at time intervals which varied from
2 minutes at the start of the test to 30 or 45 minutes towards the
end of the test. The total duration of a single shearing test
varied from 8 to 15 hours, according to the material and the state
of consolidation of the sample. Extensive preliminary tests had es-
" tablished that this was sufficient time tc allew a practically com-
plete equalization of the excess pressures in the porewater, created
by the shesaring stresses. The vertical normal stresses correspond-
ing %o the external normal load were therefore equal to the effec-
tive normal stresses on the plans of failure. The shearing boxes
were removed from the shearing apparatus and the average moisture
content in the zone of failure, Figure B-1l4, determined as rapidly
as possible after the maximum shearing stress was reached.

The results of the tests are shown in Figures E-15 and E-16.
The full drawn lines in the top sections represent the moisture con-
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tents at the moment of failure., The full drawn lines in the center
sections are the shearing resistance curves, 0-A for natural con-
solidation, A-B for simple overconsolidation, and B-C for cyclic over-
consolidation. The heavy dotted lines represent the corresponding
equivalent consolidation pressures, pg, at the moment of failure,
while the thin, dash-dot lines show the same pressures at the start

of the shearing test, The latter curves were plotted from consoli-
dometer tests (Figures ¥-11 and E-12), and the difference in con-
solidation procedure must be taken into account. In the lower sec~
tions are ploited the total vertical deformations of the sample.

The last-mentioned curves show that natural or slightly over-
consolidated clays suffer a volume decrease during the shearing,
while strongly overconsolidated clays are subject to an increase in
volume. This means that a sudden increase in the shearing stress will
eall forth either a positive or negative excess pressure in the pore-
water according to the state of consolidation of the soil. However,
at certain definite states of overconsolidation the shearing stresses
will not cause any volume changes or any excess pressures in ihe pore~
water. These states of overcomsolidation correspond to the critical
void ratic of cohesionless materials, defined by Casagrande (3), and
we can say that in case of cohesive soils any void ratio can become
eritical if it is produced by a critical consclidation procedure.
These facts are very important in the interpretation of the results
of rapid shearing tests, which will be discussed later.

We now observe that the curves for the esguivalent consolidation
prossures at the moment of failure are nearly identical in shape to
the shearing resistance curves. Assuming that the coefficient of
friction is a constant, this similarity suggests a linear relation
between the cohesion and the equivalent consolidation pressure at
the moment of failure or the following condition of failure!

5= Po P+ I} D, (1)

where B is the coefficient of effective internal frictiorn and &€

the coefficient of effective cohesion. Equation (14) can nlso be
written in the following form:

tgf= 2 ta.nq‘)o'i'afe (15)

e Pe

In this manner we have obtained a condition of fallure of the same
gimple form as the Coulombd condition of failure. If the proposed

condition of failure is correct, the points (2 2 ) must lie on

e DPe
a straight line,making the angle g)o with the abscigsae axis and
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intersecting the ordinate axis at g€ . Figure E-17 shows the test
rzsults plotted in this manner, and it will be seen that in case of
Vienna Clay the points lie nearly exactly on a straight line; this
was also the case for a second series of tests with Vienna Clay, the
results of which are shown in Figure E-23. In case of Little Belt
Clay, however, the points are gomewhat scattered, especially in case
of points corresponding to the shearing resistance of samples in a
state of natural consolidation. Nevertheless, the approximation
seems very satisfactory when we consider that the Coulomb or XKrey-
Tiedemann condition of fallure could not very well be applied to
Little Belt Clay, as all the shearing resistance curves are decidedly
curved. By plotting the test results in this manner we have, fur~
thermore, replaced the shearing resistance hysteresis loops with a
single straight line, thereby vproviding an easy means of averaging
all the test results,

By means of the relation between p, and & =~ equation (W) -
and by introducing the coefficient

Vo=aep o C1, (6)

equation (13) takes the following form:

BE (17)

s = p, P * Ve
or, expressed in words, the shearing resistance is a funetion of the
effective normal stregs on and the veoid ratio in the plane of failurs
and at the moment of failure, and this function is independent of the
stress history of the soil,

The proposed condition of failure takes into consideration the
effect of volume changes, not only during the initial consolidation
but also during the rebound and recompression and during the shearing
test, The angles gb are considerably smaller than the angles

¢>1- obtained by the Krey-Tiedemann condition of failure - sce
Figure T-23. This difference is principally due to the circumstance
that the Krey-Ticdemann condition of fallure does not take the volums
decreage and corresponding increase in cohesion during the shearing
tests on soils in a state of natural consolidation into consideration.
In cases where the shearing resistance line for the state of natural
consgolidation is straight - Vienns Clay -~ the inecrease in cohesion,

A ¢, during the shearing test on a sample in the state of natural
consolidation can be expressed as follows:

Heo=2R (p,- p) =08 (n, - Lp, (18)
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where n, = Pe is a constant for the particular soil, The cor-
Y

respor(l&:;ng change in void ratio, A & we obtain by means of equa~
tion

1n nc
AL = - —ompee- (19)
In case of Vienna Clay we have n, = 1.72, or an increase in the

e
cohesion during the shearing test of 72% of the cohesion a%t the

start of the test.

The proposed condition of failure appliss only to saturated
cohesive soils and should be considered only as an approximation
of the actual conditions, as we have assumed that the coefficient
of effective internal friction is a constant and as the cohesion,
besides being a function of the void ratio, probably alsc ie de-
pendent on the ratio between the free and "partly solidified" wa-
ter in the pores.

COMPRESSIVE STRENGTH AND INFLUENCE OF STRATIFICATION,

It now remains to be investigated i1f the angles @ o deter~

mined by means of the proposed condition of failure, are in agree-
ment with the angles of internal friction obitained by means of
simple unconfined compression tests and measurement of the angles
of inclination of the planes of failure. Furthermore, it should
be determined 1f the direction of the principal orientation of the
flaky particles in the clay has any influence on the friction and
cohesion. It must be remembered that in case of shearing tests on
remolded, reconsolidated clay the general direction of the orienta-
tion of these flaky particles is parallel to the plane of failure.

In order to make the above-mentioned investigations three ser-
ies of simple unconfined compression tests were carried out. The
test specimens were cut out of a large sample, consolidated under

5.0 kg/cm2 in such a manner that the angle [ between the axis of
the test specimen and the planes of orientation of the flaky parti-

cles was 0°, 45° gnd 90°, respesctively, Type III, II and I in Figure
E~18. The cross-section of the test specimens was a square, as

this facilitated thelr preparation and also the measurement of the
angles of inclination of the planes of failure. Comparative tests
with cylindrical tests specimens were also made; they proved to have
avout 8% greater strength than the prismatic specimens, but the
angles of. inelination of the planes of failure were nearly egqual in
the two cases,

The compressive strength ¢ 1is a function of the friction and
cohesion in the plane of fallure and of the capillary pressure Py o
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At the start of the ftest the capillary pressure is a function of the
equivalent consolidation pressure and of the state of consolidation
of the soil. During the test the capillary pressure decreases, but
how large thig decrease is we do not exactly know. The decrease of
Py is mainly a Tunction of the compressive force and the state of
consolidation of the soil, but to some extent it probably also de~
ponds on the above~mentioned angle . Theoretical cohsiderations
led to the belief that for the same value of‘ﬁ and the same state
of consolidation of the test specimen (same values of n, = ige Ys
the ratio % is a constant for each type of soil. This theory was

corroboratedeby the test results shown in Figure E-20; at least it is

correct until fairly high values of 3 are reached. In case of the

tests shown in Figure E-20 the direction of the compressive force and
the planes of orientation of the flaky particles are parallesl. In
1929 Terzaghi and Janiczek (page 550 in (19)) made similar tests and
obtained similar results for the case where the direction of the com~
pressive force is perpendicular to the planes of crientation of the
flaky particles. It must be remembered that the curves shown in
Pigure E-20 apply only to samples in a state of natural consolidation;
in case of samples in various states of overconsolidation we get quite

different values. The ratio =+ was used to compare the sirengths of

the various types of test speci%ens, as it was impossible to prepare
all these specimens with cxackly the same void ratios.

In Figure T-21 are shown some photegraphs of the test specimens
after failure and after air-drying. Samples of type I were subject
to rather large deformations in comparison with samples of type II
and III, and the determination of the angles of inclination, ¢
of the planes of failure was uncertain in most cases., On the other
hand, samples of type Il showed in nearly all cases very distinct
and straight lines of failure, from which the angles C#: could be
determined with satisfactory accuracy. Specimens of type IIL and
Vienna Clay showed in some cases a tendency-to vertical splitting,
which, ns shown in Figure %22, can be explained by the direction of
the movement with respect to the orientation of the flaky particles.

The results of the tests are shown in Figure E-2%. The values

given therein for %e,cxa , and the corresponding angle 9& - egquation
(7) are the average volues of the three best tests out of four. The
values which could not be determined with gatisfactory accuracy are
shown in parenthesis., For comparisor also the values of Q 6 {the
proposed new condition of failure, equation (15)), @ .. (Krey-
Tiedemann condition of failure, equation (12)),and P g (Coulomb cone

dition of failure, equation (8)) are given. In case of @ and
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gD for Little Belt Clay the wvalues given are only approximate;

definite values do not exist in this case due to the curvature of
the shearing resistance curves,

In case of compression ftest gpecimens of type II the orienta-~
tion of the flaky particles is very nearly parallel to the planes
of failure; the compressive strength of these samples therefors
corresnonds to the shearing resistance determined by means of the

usual shearing apparatus, d4ds will e séen, the values of the ratio
% for various types of test specimens vary with about + 10% from

tﬁe values oblalned for specimens of type II. In case of Vienna
Clay the specimens of type 1 are strongest and those of type III

the weakest, while in case of Little Belt Clay the opposite is true.
A similar inconsistency of results is noticed in case of the values
of the angles of inclination &L and the corresponding angles of
internal friction ¢ . This was rather disappointing as it made it
impossible to draw’ any definite conclusions with respect to the in-
fluence of the orientation of the flaky perticles on the friction
and the cohesion., The taests, however, gave the very satisfactory
result that the angles ¥ for specimens of type Il were in complete
agreement with the angles gb o as determined by means of shearing

tests and the proposed condition of failure., This agreement ig much
better than could be expected, and it is not impessible that other
values of oL and 90 will be obtained for different rafios of height
to diameter of the compression test specimen. It must be pointed out
that in order to obtain consistent results from such tests, extremc
care must be taken in the preparation of the test specimens: that is,
the ends of the specimens must be absolutely plone and perpendicular
to the axis of the specimen.

The tests show definitely that for comparison of the results of
shearing tests and unconfined compression tests, the sumples for the
latter should be prepered in such a manner that the direction of the
planes of failure with respect to the orientation of the flaky par-
ticles will be the same for both types of tests.

GENERAT CONDITICHS OF PAILURE UNDER ASSUMPTION OF ISOTROFY.

The formulas and methods used for determination of the stress
distribution in the soil are in most cases based on the assumption
that we are dealing with an isotropic material, and the same assump-
tion is generally made when applying the conditions of failure, In
the latter case this assumption is Justifiable from a practical
standpoint if the condition of failure applies %o the planes or
directions of minimum strength.

It is a common case in general practice that the foundations
will be prepared and the complete sbructure erected before the void
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ratio of the =goil in the underground has adjusted itself to the new
gtress conditions, This means that at the completion of the struc~
ture we may still have a considerable excess pressure in the pore-
vater. We shall now congider the three cases where this excess preg—
sure in the porewater is negative (I), zero (II), or positive (III),

In cage I the most dangerous stress condition will not be
reached before the negative excess pressure has been fully equalized,
the void ratio corresrondingly inecreased and the cohesion decreased.
That is, we cannot count on the original value of the cohesion nor
on the femporary increase in the normal effective stresses

(6 = 6t ~u , u is negative or a tension). Case I must therefore
be treated as case IIL.

In case II the original stress condition, the changes therein
and the state of consolidation of the soil are of such a nature that
no changes in the void ratio or in the hydrostatic pressure in the
rorewater are produced; or, alternatively, the rate of load applica-
tion is so slow or the seil so permeable that, practically speaking,
the void ratic has adjusted itself to the new stress conditions at
the moment the full external load has been applied. In this case
the hydrostatic pressures in the porewater are equal to the static
head, and the effective stresses are easily determined.

For a soil of the same type as Vienna Clay and in a state of
natural consolidation the shearing resistance curve is approximately
a straight line through origo enclosing the angle @ o with the

abscissae axis (equation (£)). According to the proposed condition
of failure, equation (15), the effective angle of internal friection
is glo. By means of these angles and the relation given by equa-
tion (7) we can now construct Mohr's siress circles for any stress
condition corresponding to failure. The construction is shown in
Figure E-2UA, where the line O-B represents the shearing resistance
curve. As 90 o < QD o the Mohr stress circles will intersect the
shearing resistance line and have another straight line 0-By as
envelope. However, as shown by Terzaghi in (18} and (19), this
line is not Mohr's curve of failure, as the points of tangency be—
tween this line and the stress circles do not represent stress con-
ditions at failure. From Figure E-2UA we obtain the following gen—
eral condition of failure expressed by the major and minor effective
principal stresses 61 and 3 H

6, - 65 _ si» 9P (20)
61 + 53 cos ("7)3 - (po)

As cos (?’ g = ? o) is close to unity (for Vienna Clay we have
= 25940t = 17°3071, . - = cos 8°101 =
ps RO, @0 7°% ,d.ndcosfps $Do> cos 8 10

0.99), we can neglect this member and obtain thereby Rankine's con-
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dition of failure, equation (11), for a cohesionless material with
the angle of internal friction ?' . In this case we can there-
fore treat a cohesive material as'i¥ the cohesion is zero and the
angle of internal friction equal %o the apnarent angle of internal
friction.

For the same type of soil in a state of overconsolidation we
may, excepting low values of p in comparison with Py replace the
shearing resistance curve with the straight line A-B3 in Figure
E-18B. In case of soils like Little Belt Clay this substitution can
be made only for limited stress intervals. The line A~B intersects
the ordimate axis in ¢ , the apparent cohesion, and encloses the
angle 95 with the abscissae axis. Taking into consideration that
the effective angle of internal friction is ga o and provided the
normal effective stress p does not exceecd the pre-consolidation
pressure p, , we obtain the following condition of failure:

2 sin P ( e, )
61~ 65 = gL timgl TEG & e

Also in this case wo can disregard the member cos( 9’r - 970) and ob-

tain then Mohr's general condition of failure, cquation (9), with the
conesion and the angle of internal friction determined according to
Conlombls law or the Krey-Tiedemann method, In casesI and II it is
therefore immaterial if Coulomdb's, Krey-Tiedemann's, or the proposed
condition of failure is used.

In case 111 the oxcess pressure in the porewater is positive
right after application of the load. This excess pressure is also
equalized in the course of time, whereby the effective normal stresses
increase, the veid ratio decreases, and the cohesion increasc¢s, while
the shearing gtresses remain constant., The most dongerous stress
condition obtaing therefore right after application of the load.

Wo will here consider the extreme but also common case where cohesive
soile ars concerned, that the full additional load is apwlicd before
the void ratio has changed at all. Thersfore, the cohesion

~3B , N .
c =2@ P, = Ve £ remaing constant, tut the effective normal and

shenring etresses are changed due to the new load end the correspond-
ing excess pressures in the porewater, The shearing resistance is
given by,

8 =p tan (p o + .

As ¢ 1s a constant, we obtain Mohr's general condition of failure,

3 % (22)
)



In Figure E-2UC the effective normal stress and the correspond-
ing shearing resistance before application of the new load are showmn
as p and s , respectively, A'-B! is the shearing resistance line
according to the Coulombd or Krey-Tiedemann theories, while A-B is
the shearing resistance line for the constant cohesion, c¢ , and the
angle of effective internal friction g}o . If the new load and

the corresponding excess pressures in the porewater cause the effec-
tive normal stress to be decreased to p!, we obtain a shearing re-
sistance s! which is larger than the shearing resistance given by
Coulomdbts or Krey-Ticdemann's conditions of failure. Conversely, if
the effective normal stress is increased to p" the actual shearing
resistance s" is gmaller than the shearing resistance obtained by
the Coulombd or Krey—Tiedemann conditions of failure. Whether or not
it will be safe to use the last-mentioned conditions of failure will,
therefore, depend on the changes in the effective normal stress.
Hovever, for large changes in the effective normal stress and as

)
is considerably smaller than either or . the Coulomb

S
or Krey~Tiedemann conditions of failure will, in case III, give a
rather pcor amproximation of the actual conditions.

in the discussion above we have only considered the condition
of pleane stress, i.e., the influence of the major and minor principal
stresses 61 and 6, . As shown by Rendulic (1l4) and Kjellman (11),
the intermediate principal stress 6é has a decided influence on the

total shearing resistance. In the provosed condition of failure the
influence of the intermediate principal strcss on the cohesion is ac-
tually taken into consideration, as the cohesion is given as a

function of the void ratio which again is a function of all three ef-
fective principal stresses. For Si = 52 > b, the void ratio is

3

smaller and the cohesion larger than for 5& > 62 = b, . The in—

termediate principal stress will undoubtedly also influence the fric-
tional resistance, but the available experimental data are too meager
to determine the amount of this influence with certainty.

EXCESS HYDROSTATIC PRESSURE IN THE POREWATER AND
RAPID SHEARING TESYS,

In order to apply conditions nf fallure expressed in terms of
effective stresses to practical problems, we must be able to deter—
mine the excoss pressures in the porewater not cnly in the laboratory
test specimen but also in the soil of the actual foundation or earth
structure, but our knowledge of the physical properties of soils isg
st1ll s5 limited and the problem so complicated that, in most cases,
ve cannot yet determine thesec excess pressures with satisfactory ac-
curacy.
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In the feollowing we shall only consider the initizl excess
pressures in the porewater, caused when a change in the total soil
stresses takes place. VWhen these initial excess pressures are
known the subsequent change in pressure with time, due to adjust-
ment of the volid ratio, can be determined by means of Terzaghil's
theory of consolidation (22),  The initial excess pressure in the
porevater depends not only on the change in the total normal gtress
on the plane of failure but is a function of the changes in all
the total principal stresses, of the original stress condition, and
of the whole stress history of the soil. Moreover, as shown by

Oasagrande(e) and J%rgenson(lo), if excessive internal displacements
causing a partial remolding of the soil take place, the evycess pres-—
sures in the porewater may again be changed without further changs
in the total stresses.

The only systematic investigation, so far undertaken, of the
relation betwoen the changes in the total stresses and the excess
pressures in the porewater is the series of experiments made by Ren—
dulic in connection with a general investigation of the relation
vetween the void ratio and the prineipal effective stresses. An
abstract of the results of these experiments was published in the
Proceedings of the International Conference on Soil Mechanics and
Foundation Engineering at Harvard in 1936; for further details see
{15). In these experiments Rendulic used & tri-axial compression
apparatus furnished with a specizl manometer for measuring the pres-
sures in the porewater. This measurement is not easy as any water
conducted to or from the place of measurement will create a flow
and thereby change the hydrostatic pressures. The principle of the
manometer used by Rendulic is shown in Figure E~25. The hydrostatic
pressure in the porewater is balanced by alr pressure, transmitted
through a mercury manometer. The water and mercury meet in a
capillary tube and the plane of contact is kept at constant eleva~-
tion by regulating the pressure of the compressed air. The mercury
manometer will then indicate the a2ir pressure and the hydrostatic
prassure in the porewater. The experiments were made with the same
Vienna Clay which the writer used for the shearing tests. Cylindri-
cal test specimens, drained through a core congisting of a mixture
of sand and mica so proportioned that its consolidation character-
istics were nearly identical with those of the clay, were first
fully consolidated under various uniform pressures ( £ = =

51 = 62 == 63 }+ thereafter the drainage valve was closed and the

sbove~mentioned mancmeter connected. Two series of experiments were
madey in case I the vertical total stress th wag gradually in-

creased and the corresponding morewater pressures measured, while
the horizontal total stresses 2 and % remained constant; in

case 11 gtl was kept constant while 6%2 and dtj were increased.

An example of the test results is shown by the curves in Figure E-26,
vhich have been plotted from data given in (15). Tho ratio of in-
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A6
creage in total stress, _—Ef“t, is plotted as abscissae and the ra~
tio betwesen the hydrostatic pressure u in the porewater and the
inerease in total stress A 6t as ordinates. The curves show the
relation between these ratios for a sample consolidated under the

uniform pressure 6 = 2.0 kg/cme. For other values of 6 curves of
gimilar shape were obtained; in case I these curves are more or less
identical, while in case II scattered results or curves lying above
or helow those shown were obtalned.

. u .
As will be seen, the ratic ~——-- is by no means constant: on

the contrary, it is subject to very large variations. A satisfactory
explanation of these variations cannot yet be given. It is tempting

to explain the initial increase in -~—=-- with ?:eLgt and in case II
&0
t

the rige of TE?@" above unity as a result of progressive disturbance

of the soil strugture (remolding), but this explanation is contra-

‘dicted by the subgsegquent sharp decrease in ~--Y.. when the stresscon-

diticon aﬁproaches the condition of failure. Further complications
arise when an increase in Gt is followed hy a decrease; it could be
expected that u would decrease when by i1s decreased, but Rendulic

found in the single experiment of that kind that u continued to En~
crease. Likewise, the writer found that a decrease of shearing
stresses, following an increase, would produce excess pressures in
the porewater of the same sign as the pressures caused by the ori-
ginal increase in shearing stresses (see Page 69 in (9)).

The extent of the experiments by Rendulic is too limited and the
results are not sufficiently consistent to permit the establishment
of simplified practical rules for the determination of the excess
pressures in the porewater, The tests show, however, that commonly
nged ruleg, such as the ssgumption that the excess pressure in the
porewater is equal to the increass in the vertical, total normal
stress, or to the increase in the major principal total stress, or
that the effective normal stress on the plane of failure and thereby
the shearing resistance remains constant, in many cases may be far
from correct. This does not mean that these rules may not bpe useful
in practical design, but they must be substantiated and their limits
of applicability determined by extensive experiments Dbefore they can
be used with confidence.

To avoid these difficulties the conditions of failure are often
determined by means of rapid shearing tests or by means of simple
unconfined compression tests., By either of these tests the void ra-
tioc and thersby the cohesion remainsg constant, while the influence
of possible excess pressures in the porewater are included directly
in the test results. In other words, we obtain a condition of fail-
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ure expressed in terms of the total stresses in the sample. The
guestion now arises if the results of such tests can be used with
safety in practical design.

The results of slow and rapid shearing tests on Vienna Clay
and Little Belt Clay are compared in Figure E~27. The full-drawn
lines represent the shearing resistance curves obtained by rapid
shearing tests, while the dotted lines represent those obtained by
means of slow sheasring tests.

From observation of volume changes during slow shearing tests ~
Figures E-15 and E-16 ~ we know that the shearing stresses in case
of clays in a state of natural consolidation or slight overconsoli-
dation will cause temporsry, nositive excess pressures in the pore-
water and in case of strongly overconsolidated clays negative ex~
cess pressures, In conformity herewith, the rapid shearing tests
give lower values of the shearing resistance than slow shearing
tosts in case of cohesive soils in a stote of natural consolidation
or slight overconsolidation and higher values in case of strongly
overconsotidated soils.

If the difference in results of slow and rapid shearing tests
is solely caused by these cxcess pressures in the porewater, this
difference should venish when the soil is in such a state of over-
consolidation that the shearing stresses do not cause any volume change
OT any excess pressures in the porewater, However, a comparison of
Figurcs E~15, E-16 and E-27 shows that for such degrees of over—
consolidation - £ H= 0 or points of intersecction of the curves
reprosenting the equivalent pressures before and after the shearing
tosts ~ the rapid shearing tests may give from 10 to 20% higher values
for the shearing resistance than those obtained by slow shearing
tests (page 104 in (2)). This incrsase in the shearing resistance is
due to the toughness or so-called structural viscosity of the clay,
and it will be encountered by all rapid shearing tests irrespective
of the state of consolidation of the somple.

In practical design we cannot rely on the increase in shearing
resistance caused by structural viscosity; the results of all rapid
shearing tests must, therefore, bde corrected for this influence
whether the sample is in 2 state of natural consolidation or over-
consolidation. DNeither dare we rely on the increase in shearing re~
sistance caused by & negative excess pressure in the porewater,
Firstly, in the sheaoring boxes we have o stress condition vhich ap-
proachss pure shear, but in the foundation we may have an entirely
different stress condition, causing nositive excess pressures in the
porewater. BSecondly, in case the external load on the foundation
should cause negntive excess pressures in the porewater, these ex—
cess pressures will be egualized and the shearing resistance but not
the shearing stresses decreased in the course of time,



Thege facts are a warning against any Indiscriminate use of the
results of rapid shearing tests., Such tests should at least be sup-~
plemented by other tests in order itc determine if the shearing
gtresses cause positive or negative excess pressures in the pore-
water and even then it is necessary to take extreme care in the in-
terpretation of the test results.

In case of simple unconfined compression tests the sample is
subject to atmospheric pressure and the capillary forces — i.e.
negative excess vressurc in the porcwater — which have replaced the
stresses acting on the sample in its original position in the foun—
dation. In this case the void ratio remains censiant irrespective
of the duration of the test and the influence of the structural
viscosity can therefore be avoided. Furthermore, in comparison with
rapid shearing tests the simple compression test is easier to make
and there is less danger of a partial disturbance of the soil strue-
ture during the preparation of the test specimen and of progressive
failure during the %test. However, we do not know the exact value
of the capillary forces and the effective normal stress on the plane
of failure, neither at the start of the test nor at the moment of
failure. In order %o utilize the test results the assumption is
made that the shearing resistance of the sample and the shearing re-—
sistance at the corresponding point in the foundation are egual.

The disadvantages of the rapid shearing tests and the simple un—
confined compression tests are to a large extent avoided in the tri-
axial compression tests described by Dr. Casagrande (4), In this
case the vertical and horizontal external pressures are definitely
known and controlled, whereby the original stress conditions in the
foundation can be closely approximated in the laboratory. 3By pre-
venting drainage after this stress condition has been reached and
the hydrostatic pressurcs in the porewater equalized and continuing
the test witbh constant void ratio, we obtain coanditions of failure,
expressed in terms of total stresses, for a stress conditlon which
is similar to the actual stress conditions in the field. However,
it should be borne in mind that conditions of failure expressed in
terms of %total stresses apply only to a rather limited range of
stress changes. We lmow that failure is governed by the effective
stresses, and these stresses should therefore, whenever rpossible,
form the basis of our stability computations.

SLOW PLASTIC FLOW BEFORE FAILURE.

The majority of experiments and papers on the shearing resis-
tance of cohesive soils deal with the maximum shearing resistance
under given stress conditions, but so far wvery little consideration
has been given to the slow plastic flow before failure and the de-
crease of the shearing resistance after failure, although these
phenomena have been observed and thelr importance realized (Terzaghi
(17) and (18), Gruner—Haefeli (7)). The continuous,slow plastic
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flow before failure may, in some Cases, cause appreciable horizon~
tal snd vertical displacemenis and thereby increase the settlements
ordinarily caused by volume changes and affect the time settlement
curves, The decrease of the shearing resistance after failure is
very important when we are dealing witlh progressive failure, which
we are in many practical cases.

The commonly used shearing apparatvse with a straight movement
in one direction is not wvery well suited for investigation of the
slow plastic flow before failure and the-shearing resistance after
failure, as the cross-section of the test specimen changes slowly
during the test and very rapidly after failure has occurred. Ap-
paratus in which the test specimen is brought to failure through
torsion are to be preferred for such investigations. Torsion ap-—
paratus with fvll circular cross-section of the test specimen have
been used years ago both in this country and in Furope. However,
the full circular cross—section of the test spccimen hns the disad~
vartage that the shearing stresses and strains and thereby also the
volume changes decrease to zero at the center, As the piston
through which the vertical normal load is transferred is rigid, this
resulte in an unequal distribution of the wvertical normal stresses.
These difficulties can, to a large extent, be avoided by choosing a
circular ring as cross—section for the test specimen.

Such a ring shearing apparatus, designed by the writer, is shown
in Pigure E-28, The sample is laterally enclosed between stiff
rings and above and below are dentated, porous stones, which allow
drainage and through which the torsional forces are transmitted to
the sample. These forces are exerted through cables attached to the
wheel and running over pulleys to a balanced loading scale. The ap-
paratus is therefore of the constant stress type, which also is best
suited for the investigation of the slow plastic flow before failure.
For investigation of the shearing resistance after failure, it would
be better to have a loading arrangement of the constant stress type
devigsed by Dr. Gilboy and now widely used. With the sonstant-stress
loading arrangement it was neccssary to decrease the load by itrial
until the movement stopped; therefore, 1t was not possible to inves-
tigate the relation bhetween the shearing stress and the velocity of
the rapid plastic flow after failure, The sample has an outside
dianeter of 12 cm and an inside dismeter of & cm, and the loading
arrangement is so proportioned that 8 =20 T, where 5 1is the

total shearing load in ke and 2:1 the average shearing stress in
C

kgﬁcma . The average shearing stress may, in some cases, differ
naterially from the actual maximum shearing stress for a given load.
However, the maximum shearing stresses may be determined by graphi-
cal differentiation of the stress—gtrain curve for the average
shearing stressce (page 119 to 12% in (9)).

Investigations of the slow plastic flow before failure require
experiments extended over a very long time, during which the expen-
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sive shearing apparatus cannot ve used for other tests, This pre-

vented extensive experiments, and the writer has only had opportun-—
ity to carry out preliminary tests and one partially complebe test,
Therefore, the results are not conclusive.

This test was carried out with Tittle Belt Clay in a state of

strong overconsolidation (p_ = 5.0 k:g/cm2 , P = 1.0 kgfem ). The
load increments were about 20% of the mazimum shearing resistance
and the time interval bvetween load applications ten days. The
complete time displacement curves were determined for each load; it
is only the last part of these curves which interests us and this
part is shown in Figure E-29. The time after load application is
plotted as abscissae and the twist as ordinates. 4s will be seen,
after 240 hours the velocity of the plastic flow has reached a
fairly constant value, represented by the tangents showm in the up~
per left-hand corner. By plotiing these velocities against the
corresponding average shearing stresses we obtaln the slightly
curved line in the center. This curve intersects the ordinate axis
at a value of the shearing stress approximately equal to 30% of the
maximum shearing resistance. This indicates that the continuous,
slow plastic flow starts gt this stress, which Terzaghi has called
the bond resistance. The velocity of the slow plastic flow in-
creases more or less linearly with the shearing stress until this
stress approaches the shearing resistance, when a much more rapid
increase takes place. However, it must be pointed out that 2H0
hours after load application the velocity of the plastic flow had not
quite reached a constant value; the tests should, therefore, be ex—
tended over a much longer period. Furthermore, due to the strong
overconsolidation the sample was subject to a slight increase in
volume and a corresponding decrease in cohesion during the test.
This may have coniributed to the veloeity of the plastie flow. It
would be bebtter to use test specimens in such a state of overconsole
idation that the shearing stresses do not cause any changes in void
ratio or any excess pressures in the porewater during the test.

DECREASE OF THE SHEARING RESISTANCE AFTER FAILURE.

Examples of complete stiress—-strain curves for shear are shown
in Pigure E~30. It was difficult to determine the exact shape of
the curves representing the conditions after failure, and this
part of the curves is therefore shown in dotted lines. However, the
ultimate minimum shearing resistance could, in most cases, be deter-
mined with satisfactory accuracy. It is probeble that the stress-
strain curves after failure to scme extent are influenced by the
velocity of the displacements. .

In cagze of Vienna Clay in a state of natural corscolidation o

temporary minimum of 72% of the maximum shearing resistance is
reached shortly after failure, whereafter the strength slowly in-
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creasel to 82%. This iricrease is due to a slight decrease in void
ratio after failure has occurred. Such a temporary minimum was not
observed by tests on overconsolidated Vienna Clay nor by any tests
with Little Belt Clay. The ultimate minimum values of the shearing
resistance of Little Belt Clay varied from 36 to 40% of the maximum
values; in case of & very slow test a minimum value of 50% of the
maximum value was observed. By Vienna Clay the minimum values of
the shearing resistance are reached fairly rapidly after failure,
but in case of Little Belt Clay surprisingly large displacements
are required before the ultimate minimum values are reached. The
angular digplacements at thig stage correspond to a movement of 3
to & cm aleong the outer rim of the sample.

Ring shearing apparatus similar tc the one developed by the
writer have algo been built by Haefeli (&) and Tiedemann (23). The
latter made experiments with both undisturbed and remolded clays
ard found ultimate minimum values which varied from 30 %o 60% of
the maximum shearing resistence. In a single case the minimum value
was only 20% of the maximmm shearing resistance, Tiedemann also
found that in case of fat clays the ultimate shearing resistance is
not reached bvefore o displacement of 8 to 12, in some cases up to
20 cm, has teken place in the zone of failure.

The question now arises if this decresse of the shearing re-~
sistance is due only %o a partial destruction of the cochesicn or if
also the frictional resistance is decreased. In Figure E-31 the
curves for the minirum shearing resistance after failure are shown
in full-drawn lines and those corresponding to the maximum shearing
resistance in dotted lines. From these curves we cannot drow
definite conclusions, but we may assume that the proposed condition
of failure with respect to the maximum shearing resistance also ap-
rlies to the minimun shearing resistance aftor failure and ploit the
points ( B, P3Py oo ohown in Figure #-32. Alsodn this case do
these poin%s lieefairly close along straight lines, although the num-—
ber of experiments is too small to establish this with certainty,.

The values of the coefficients of ultimate effective friction and co-
hesion after failure are given in the tabulations, together with the
corresponding values for the maximum shearing resistance. In case of
Vienrna Clay the coefficient of effective internal friction remains
constant after failure, although it suffers a temporary decrease, but
this decrease is only apparent and due to a temporary excess pressure
in the porewater. On the other hand, the coefficient of effective
cohesion is subject to a decrease of 5F%. In case of Little Belt
Clay both the coefficients of effective internal friction and effec-
tive cohesion are decreased, respectively with Y49 and 79%. The maxi-
num value of the angle of effective internal friction is 10°, after

failure it is only 5°-
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" The decrease of the shearing resistance after failure is to
some extent a thixotropic phenomenon. If we decrease the shearing
load until the movement stops and then, after a certain nperiod of
rest, increase it until failure again occurs, we find that the
shearing resistance now is higher than the ultimate minimum, al-
though the void ratio remains constant. After a certain displace~
ment has taken place the shearing resistance again decreases to its
ultimate minimum value. This regein in strength depends on the
length of the rest period; in case of Vienna Clay in a state of na~
tural consolidation the regain of strength was complete and con-
summated in the course of a few hours. On the other hand, Little
Belt Olay regained its strength very slowly and only partly. Five
days after the moviment was brought to a stop the shearing resistance
had increased from 4O% ~ the ultimate minimum value - to 50% of the
maximun shearing resistance., &4fter a rest period of two months the
shearing resistance had increased to 65% of the meximum value, bub
it is & question if thig maximum value ever again will be reached.
Inspection of the test specimens indicated that a permanent change
of structure had taken place in the zone of failure.

CONCLUSION.

Bearing in mind that the deformations and the ultimate failure
of o goil are governed by the effective stresses between the mine
eral particles, thg regults of this investigslion can De summarized
briefly as follows

1) Preliminary tests indicate that & slow plastic flow may start at
comparatively low shearing stresses and that the velocity of this
flow increases more or less linearly with the shearing stresses.

2) © Vhen the nature of the superimposed load approaches pure shear

it will call forth excess pressures in the porewater, which may be
positive or negative according tc the state of consclidation of the
$0il and which, upon equalization, will cause a decrease, respectively
an increase of the void ratic. However, in case of cohesive soils
which have been subjected to certain "eritical consolidation pro-
cedures", the shearing stresses will not cause.any changes in the

- hydrostatic pressure of the porewater.

3) On basis of the experiments a new condition of failure for co-
hesive soils has been formulated, according to which the cohesion 1s
solely a function of the void ratio or the equivalent consolidation
.pressure. This conception results in a larger cohesion, considerably
smaller angles of internal friction, and a better agrecment with the
resulte of both shearing tests and simple unconfined compression
testa than given by the Coulomd or the Krey-Tiedemann condition of
failure,
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4)  In case of unconfined compression tests the direction of the
principal compressive force with respect to the planes of stratifi-
cation in the sample will influence the compressive strength and
the inclination of the planes of failure. The samples should be
prepared in such a manner that the direction of the planes of fail-
ure will have the same relation to the planes of stratification as
by shearing tests or in the actual foundation.

5) In case of a complete adjustment of the void ratio to new stress
conditions it is immaterial if the Coulomb, Krey-Tiedemann, or the
proposed condition of failure is used. However, in case of constant
void ratio and cohesion and of changes in the effective stresses,

the smaller angles of internal friction given by the proposed condi-
tion of failure should be used,

§) . The results of preliminary tests dy Rendulic indicate that the
commonly used, simple relations between an increase in the total
stresses and the excess pressure in the porewater, caused thereby,
may be far from correct except for certain limited stress combina-
tlions. A thorough investigation of the rules governing the varia-
tions in these excess pressures in the porewater is therefore ur~
gontly needed.

7) In order to avoid the difficult determination of ithe excess
pressures in the porewater, the conditions of failure are often de-
termined by means of rapid shearing tests. It hag been demonstrated
that rapid shearing tests may give very misleading results, due to
the influence of the structural viscesity and of negative excess
pressurses in the porewater, caused by the shearing strasges.

8) By means of a new ring shearing spparatus it has heen shown

that the shearing resistance of a cohesive soll is subject to a very
material decrease during the rspid plastic flow after failure. This
decrease is mainly due to a destruction of the cohesion, although the
angle of internal friction of some solls is also decreased after
failure, However, if the rapid plastic flow is brought to a partial
or complete stop by decreasing the shearing load, the soil will re-
gain its lost shearing resistance partly or completely in the course
of time,
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Inasmuch as the other papers presented at these meetings deal
with important technical problems, I believe it will help to bal-.
ance the program if I keep away from technicalities as much as pos-
8ible and confine my remarks to certain general aspects of the work
we are preposing to undertake. 1 should like first to discuss the
attitude we should try to adept, and then to take up certain of the
problems we are proposing to attack and anslyze some of the diffie.
culties we must be prepared to meet,

In the matter of attitude, there is at one extreme the idea
that elaborate goil studies can be made the basls for sxact analysis;
that eventually it will be just a question of determining a lot of
coefficients, making a lot of computations, and coming out with the
right answer, I do not believe that in the enlightened group here
asgembled there are many representatives of this school of thought:
tut I know frowm experience that it exists, About eight years ago I
heard a mon guite nrominent in soils work explalining some charts to
a zroup of highway engincers, One of the latter described a crack-—
ing phenomenon he had cbgerved on a concrete road. The soils man
asked a few gquestions, then concluded with great positiveness:
TTtts your concrete, man, it's your concrete! If you fellows would
develop the exact knoviedge of concrete that we have of soils, you
wouldn't get into so much trouble!M I only wish I could agree with
him.

At the other extrome is the school of thought, considerably
larger numerically, which holds that Soil Mcchanics is Jjust tommy-
rot: that the building of dams is a job for hard-bitten he-men, not
for dreamy-eyed scientists watching little dials go around in a
laboratory. A very recent example comes %o my mind. ZLast fall }
was asked to prasent a shorit paper at tihe meeting of the Soil
Mechanics and Foundations Division of the American Seciety of Civil
Enginecers reviewing some of the nmain achlievements of Soil Mechanics.
I chose as ny underlying theme the application of scientific methods
of investigation and tried to show how those methods improved our
understanding of a number of different problems. For an example,

I need go no farther than my own personal experience, As a graduate
student, I had a good grounding in such subjects 2s Mechanics, Hy-
draulics, Structures, and so on, but my knowledge of the various
vroblens connected with scil behavior was very hazy and inaccurate.
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It would probably have remained so for some time had I not had the
opportunity, through study with Dr. Terzaghi, through association
with Dr, Casagrande and other colleagues, and through my own in-
vestigations, to develop some intelligent understanding of the sub-
Jject. Consequently, there is no question in my mind as to the ben-
efits to be derived from scientific study of soil problems, I know
I learned a great deal, and I am sure that every one here today who
has had similar special training will agree that he has benefited
by it in a similar manner,

A couple of months afterward I found my paper reprinted, with
some omigssions, in an English journal, and in the same igsue I
found an editorial which dragged me unmercifully over the coals.
The gist of it was that the scientific investigations I mentioned
had not really added anything to existing kmowledge; that American
engineers were a pretty ignorant crew, and might be taken in by
such truck, but that no elear-thinking Britisher, with centuries
of fine engineering tradition behind him, could possibly be deluded
into thinking that the methods of the past could be improved.

I do not for a moment believe that this editorial reflected
the opinion of progressive British enginsers, but I do think it was
significant in indicating a rather prevalent attitude of mind: "We
have done it this way for so and so many years, therefore it must
ve right and nobody can tell us anything new.t

Those, then, are the two extremes, beth of which are to ve
avoided. Any one who thinks that our present program of research,
or any subsequent program, will result in reducing dam design to
routine practiice -~ a book of rules entitled "How fo Design Dams in
Fifteen Xasy Lessons" -~ is doomed to disappointment., Conversely,
any one who thinks he knows so much about dam design that the pro~ |
posed program of research, or any such program, cannot possibly
add to his knowledge, is deceiving himself and deceiving the public,

The proper attitude, in my opinioen, is to expect that, as a
result of these and similar studies, we shall be able to decrease
in some degree the range of uncertainty in design and, most impor-
tant of all, that every one concerned will derive considerable
personal benefit, in the form of improved judgment and understanding.

The scope of the program for discussion at this conference is,
I think you will agree, rather breath-taking, We are planning to
touch on almost all aspects of embankment design and to consider
methods of attock on some problems of a highly complicated nature.
While this may seem overly ambitious, I think we will find it help-
ful %o obtain a clear bicture of the whole field as a hackground
and then to do as much as we can to f£ill in details.
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In ny original memorandum I stressed the necesgsity for field
observations, I consider this wotk of great importance and I think
that in this organization we have an unusually good oprortunity
for performing it. Our theoretical studies and laboratory tests
may enable us to estimate how cur structures should act, but we
have not proved our point until we can show, by actual observation,
that they really do act as we expect, The mere fact that an em~
bankment stands up is not a sufficient eriterion, It may be stand-
ing for quite a different reason from what we assume; it may be
standing purely by the grace of God. Until we have verified our
predictions reasonably well, we have only half done the Job.

Among all the various possibilities for prediction and measure-
ment, I should say that we have progressed farthest in the case of
gettlement due %o direct compression of a foundation layer. When
underground conditions are not too complicated, consolidation tests
and settlement analyses should give a fair indication of what is
liable to happen., The field observations reguire nothing more than
a good set of reference points. Studies of this kind were made by
Mr. Philippe on several of the Muskingum Dams, with excellent re-
sults. It goes without saying that such studies should always be
carried out when compressible foundation layers are involved. ZEven
when conditions are complicated, some estimate of settlement should
be attempted and field observations should be made with especial
care in order to ascertain the range of error.

When foundation movement involves lateral displacement, we ars
up against an entirely different situation. It is a stress~strain
problem, in which we don't know a great deal about either the
stresses or the strains. Jﬁrgenson's computations have been very
helpful, but the trouble ig that in order to get anywhere at all,
he had to assume a definite loading system, and also hed to agsume
the foundation to be elastic. The elagtic assumption is not as
far off as might at first be thought, especially feor conditions
which are not too close to ultimate failure. The loading system,
on the other hand, is not at all easy to pin down. The stresses at
the base of an embankment are inclined in direction, snd their mag-
nitude ard distribution are affected not only by the size of the
structure and the character of the material, dbut also by the method
of construction., Purthermore, the stress distribution will be ma-
terially altered by deformations of the foundation as it adjusts
itself to the load.

Various mathematical approaches have been tried in order to
get some idea of the nature of the stresses, but it must be admit-
ted at once that existing methods are not satisfactory. In wview of
the fact that the mass design of the whole embankment is often
governed by the strength of the foundation, the need for better ine
formation is obvicus. Obtaining such information is not an easy
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task. Measurements of deformation of existing embankments are of
congiderable value, especially when the movements are relatively
large. On the other hand, such measurements do not tell the whole
story, because they give only the end result. We know that the
measured movement is the result of strains in the foundation ma—~
terial, caused by siresses induced by the superimposed loads, but
we cannot be sure, so to speak, where stress leaves off and strain
begins. In other words, there are an infinite number of stress-
strain combinations which might have produced the observed move-
ment and it is difficult %o decide which particular combination
actually exists in a given case.

Oneway of separating these sffects would be to measure the
stresses independently. Theoretically, this is a very fine ap-~
proach, Practically, it is chock full of difficulties. We have
on our agends for discussion the development of pressure cells.

I do not wish to scund discouraging, but I might mention that one
of the first items I studied when I began my acquaintance with
Soil Mechanics was this very problem. Dr. Terzaghi and I argued
and fretted and stewed over the thing far into the night on many
occasions., OQur progress may be judged by the fact that four years
later, when the retalning wall laboratory was built, we installed
Goldbeck cells. And I haven't seen many signs of progress in the
nine years which have passed since then,

Let us congider some of the qualifications a pressure cell
mist meet. First of all, it must be simple and rugged, not only
the cell itself, but all its appurtenances. Otherwise i$% will
soon go out of commigsion in & field installation. One drawback
of the Geldbeck cell, for example, is the air pipe leading %o it,
which is not only easily damaged during construction, but also may
be ruined by settlements of the fill after completion. In the
Miami Conservancy Dems, in spite of elaborate precautions, the only
cells vhich remained in service for any length of time were in a
group installed in the solid concrete of an abutment wall.

Second, the cell must be reliable -- that is, 1t must hold its
calibration over a long period of time, under different conditions
of pressure and temperature. In the M., I. T. installation we found
that some of the cells would now and then go completely haywire,
Sometimes they registered no pressure at all when we knew they were
under pressure; csometimes the signal lamp would fade out gradually,
instead of going out suddenly. We were never sure what they were
going to do, so0 we soon ceased to rely on them.

Third, the operation of the cell must be such that there is no
appreciable external movement required to register the pressure;
otherwise the movement will change the pressure which the cell is
intended to measure.
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How let us suppose that we have s cell, scmething like the
Goldbeck, perhaps, but perfected to comply with the above condi-
tions. We still have not solved the problem. Our pressure cell
measures pressure, but it does not measure shear. If we place
three cells at right angles we can get the pressures on those
planes, tut we have not determined the state of stress in the soil
at that point vnless we happened to have hit on the principal
planes. So what we really need is a cell which measures shear as
well as pressure, or else some kind of spherical arrangement which
would allow us to measure the pressure variation all over the sur-
fa‘cel

In addition to all these things, there is the fundamental
question as o the effect of the presence of such a device within
a soil mass: Is the pressure it measures the same as would have
existed if it were not there? Unless we can be sure on this
roint, the most accurate type of measuring device wouid be worth
less. ‘

S0 much for pressure measurement. I think you will agree that
it gives one something to think about. The remaining aspect of the
displacement problem is, of course, analysis of the deformations
produced by the given system of stress, which in turn requires a
knowledge of the stresg~strain characteristics of the material.
This is another item on our agenda, and, I can assure you, is in
the same class as stress measurements as far as complexities are
concerned. I will say, however, that some progress has slready
been made along this line, and we can see our way clear to obtain-
ing additional information. In other words, I am much more hopeful
about this than I am abou!t the pressure cell,

The stability of the slopes of the embankment itself is an
item to which considerable thought has been given in recent years.
The studies of slides made by the Swedigh Geotechnical Commission
form a useful background, but it must be remembered that dam
slopes are by no means identical with those gtudied dy the Com-
mission, so that routine application of the circular~arc analysis
is not Justifiable. The findings of the Commission were based on
exhaustive investigation of slides which had actually occurred.

Wo such body of correlated information has been cobtained on dams.
If we wish to follow the lead of the Swedish engineers, we should
follow it 2ll the ways first find out how the failures take place,
and then theorize about them afterward. 1 have seen scme statical’
analyses which I am sure vore no relation to reality; a circle
starting in the downstream shoulder of sand and gravel, cutting
through a compact, impervious, cohesive core, then into a founda-
tion layer of stiff clay, then up again through another sand and
gravel shoulder, with detailed computationg invelving weights,
friction angles, cohesion values, and what net, ending up in a fac~
tor of safety. It all looks very professional, but I am afraid it

does not mean much. e/
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Lasgt fall, in the Binghemton Distriet, we attempted to develop
an analysis in which the action of the eore and the shoulders were
considered separately. There seems to be some Justification for
thig approach, and we got some interesting preliminary resulis.
However, we found that so many assumptions had to be made, and it
was so difficult to decide which assumpitions might be correct, that
the validity of the results would finally end up to be merely a
matter of opinion. I feel that thore is 1ittle use trying to push
the refinements of statical analysis any farther at present. What
we need now is experimental evidence, in order to put the whole
natter on a sound basis.

I believe that a great deal can be done along these lines with
test embankments of moderate height, btuilt inside a diversiorn cof-
ferdam so as to enclose a small pool, as suggested in my earlier
memorandum, Hot all sites are adapted to this scheme, but some I
have seen are ideally suited. At Wappapello, for ingtance, the ri-
ver valley is quite deeply indented below the flood plain, and not
very wide, and the banks are relatively impervious. Construction
of a test dam would not be difficult nor expensive, and a great deal
of information could undoubtedly be derived from it,

The reason why the field, rather than the laboratory, seens
indicated for stability studies is that almost any cohesive material
can be excavated to vertical slopes to a depth of 6 ft. or more.
Thig height, vhich is alresady avout the limit for Mhoratory work,
rust be exceeded considerably before sliding forces become effective.
On the other hand, laboratory nmodels will probably be very well
adapted to studies of drawdown effects and toe erosion, both of
which are inportant elemerts of the stability problem. In fact,
drawdown conditions are often the governing fector in the desigrn of
the upstrean slope, and we should know considerably more about them
than we do. In particular, we should be able to estimate the extent
to which the saturation line in the dam lags behind a falling reser-
volr level. I worked out an approximate theoretical solution, in
connection with the Binghaminn investigatioans, but as yet there has
teen no opportunity to check it experimentally, and I am putting no
faith in it until it hos veen verified.

As to the problems of seepage, I thirk we nay say that the
basic theory and the technigue of permeability tests are both fairly
well developed. OQur weskest point is in estimating the dirsction
and amount of seepage in irregularly stratified and lenticular de-
posits in the foundation. I do not bBelicve that more elaborate pro-
grams of sampling are the right answer, nor that field models will
give us what we want, I think the solution lies along the line of
developing reliable and inexpensive methods of ftesting the permeg-
0ility of the soil in place, in large masses, such as by pumping from
wells or pits. Alsc, it is important to verify predicted seepage
quantities by observations on completed structures. In some dams
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this is a rather 4ifficult task, in others it is quite simple. At
Great Salt Plains; for instdnce, gravel and rock are scarce as

hen's teeth, so we tried to design a drainage system which woitld
utilize the coarge material as efficiently as possible. The layout
calls for a perforated culvert pipe, surfounded by sand and gravel
filters, Just downstream from the core of the dam., The pipe is
sloped to an ocutlet in the spillway bucket. Obviously, it will be
easy to measure the seepage collected in the pipe, either by instalw
ling a weir, or simply by using a couple of barrels and measuring
the time required for filling. Whenever possible, some little trick
like this should be planned in advance, so that subsequent measure~
ments can be made without too much trouble,

In regard to the seepage through the embankment itself, I feel
that we have gone about as far as we can with laboratory models, and
that what we need now is verification of predicted flow nets by means
of observation wells sunk into the finished structure. This work is
not at all difficult nor expensive, yet there has been surprisingly
little of it done., TFlood contrel dams with open outlets, like the
Mizwi dams, are not well adapted to such studies, becouse the water
level does not stay up long enough to establish steady flow condi-
tions, but whenever there is a substantial amount of storage, some
abttempt should be made to find out how the water is acting within
the body of the dam, as well as in the foundation,

The efficiency of filters is an important element in control-
ling seepage. Personally, I am a great believer in filters and in
adequate drainage systems generally. 1 think we can save a great
deal of yardage in the downstream half of dams and the landside half
of levees by intelligent use of underdrainage. I also believe that
a properly designed and consiructed filter will function indefinitely,
although there are many engineers who would not azree on this point.
We have not given as much attention to systematic and long-continued
investigation of filtera as we might hove, but the situation is being
remedied right new., The Little Rock District has already started
tests, realizing that the safety of dams like Great Salt Plains de-
pends primarily on correct functioning of the drainage system; also,
programs of study are planned for the coming year, both at Harvard
and at M., I. T,

I imagine that this discusszion of some of the low spots in our
knowledge may have sounded discouraging. I do not intend it to be
discouraging; on the contrary, I think that a clear understanding
of our weak points is in itself a hopeful sign. After all, vhen you
gtop to think about it, building & dam is & rude interference with
a condition of natural equilidrium which has existed for many years.
A pencefully flowing river is suddenly boosted out of its bed a
hundred feet into the air, and conditions in the entire surrcunding
territory are turned topsy-turvy almost overnight. Banks and slopes
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which were stable are stable no longer; materials in the valley bot-
tom are subjected to forces the like of which they had never before
experienced; deeply buried layers which had little part in the scheme
of things suddenly become imnmortant. And in making these radical
changes we are dealinr with materials of which our understanding is
still very imperfect. It is not surprising that we find ourselves
tacsd with many difficultiss, and that occasionally we come a crop—
per. We should be thankful that we can do as well as we do, and

hopeful that continued study will enable ug %o do a little better
in the futurs.
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MIRUTES
SOILS AND FQUNDATION QONFEBENCE
Boston, Massachusetts
June 20 - 21, 1938

Captain James H. Strattcen, Chairman, opened the conference
at 9130 ALK, by introducing guest consulbants Doctor Rutledge of
Purdue University, and My, Irving B, Crosby, Geologist. 4n ab~
stract from letter of Brig. General M. C. Tyler, Assistant Chief
of Engineers, in rsgard to this conference, was then read:

"My idea in promoting the Soils Conference was to
obtain from the officers and engineers of the Depart-
ment their recommendations on the investigatiocns and
ressarch considered necessary in this field after joint
discussion and careful consideration. Also I hope that
such a conference will help to crsate a mutuval under-—
standing of the soil mechanics and foundation engineer-
ing provlems among the officers, soil mechanics experts,
design engineers, and geclogists.

"The conference should in no way commit this office
to any definite program, nor to the hiring of consult-
ants other than for the duration of the Soils Conference.
After & carcful study by this office of the detail report
of the confersnce it will decide Just how much of the
work can be done in the immediate future and where it
should be performed to best serve the interests of the
Engineer Department as a whole, Any specific investiga-
tions or research desired by a Division or District
Office should be submitted to this office in the usual
manner for spproval,®

The following general directives for conduct of the conference
were then given by Captain Stratton:

"In order to give point to the discussion at this
conference and to provide a basis for its initiation, a
gpecific research and investigotional program has been
prepared snd distributed to all District and Division
delegates (letter of this office doted June 15, 1938).

The specific program is based on the suggestions received
and is intended to encompass the broadest possible program.

"The specific program is intended to form the basis
for.discussion and to provide the framework for elabora-
tion at the conference. It is not intended that the use
of the specific program shall limit or ¢ircumscribe
either the discussions or the research program that the
conferees shall recommend to the Chief of Engineers.
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"1t is proposed to conduct the discussion in the
order given in the !'Specific Program!, subject always
to guch departure as circumstences may warrant. It is
desired that the discussion be kept within limits per=
tinent to the subject under consideration., By this I
mean that the discussion of 'undisturbed sampling?,
for example, should not be intruded into the discussion
of 'yielding foundations!?,.

"1t is further proposed that the discussion period
of each subject listed in the Specific Program be
divided into two distinct phases, The first, or General
Discussion Period, is open to everyone for such express—
ion of opinion, theory, or recitatlon of experience, as
is applicable, After the General Discussion Period,
there will be a pause to permit the District and Divi-
s delegates to confer so that they may compare notes
and arrive at specific suggestions or proposels for sub-
mission to the conference body. The second period will
be given over t¢ the specific suggestions for research
tc be submitted orally by the selected spokesmon for
each District and Division as proposed in our memoran—
dum of June 17, 1938. Stenographic notes will be taken
during the discussiecn period, and it is desired that the
spokesmen sperk slowly and distinctly, and that the pro-
posals be as gpecific as the subject matter permits.!

MR. CROSBY: I would like to make a few general remarks at this
peint., All Scoil Mecheanlics studies and laboratory investigations
of foundation problems of whatever kind are applied %o geological
formations and structures, Unless those formations and structures
are correctly understood the most accurate laboratory work will be
misleading. Therefore the proper relation between Soil lMechanics
and Geology is very important, since without this relation Soil
Mechenics will become one-sided and ilose much of its practical
value,

S0il Mechenics when applied to foundaticn problems deals with
sedimentary deposits which are laid down in accordance with geo~
logical principles. 4 fthorough understanding of these principles
and extensive study of sedimentory deposits is essential for the
correct interpretation of them. Except with the most simple cone
ditions, the interpretation of these deposits can best be made by
& practical geolegist vho has had extensive experience with them.

I believe that the most satisfactory relation of the two
sciences is for the geologist to work out the underground condi-
tions, to describe the different formations and the relations of
their beds as accurately as possible, to estimate the probable de-
gree of accuracy of his interpretation, and to estimate the worst
possible conditions. Then the Soil Mechanics expert should apply
the results of his studies and tests to the interpretation made
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by the geologist with the assursnce that the final conclusions
will be the most accurate possivle.

Meny investigators in Seil Mechanics admit the desirability
of having a competent practical geclogist investigate the under~
ground conditions, bubt few put it into practice. Closer cooper—~
ation between specialists in Soil Mechanics and Geologists who
heve specirlized in foundstisn problems w11l be of great advent-
oge to both sclences,

* Ok kW

CAPTAIFN STRATTON: We will proceed with the discussion of 4 (1),
the stress-strain characteristics of ¢ohssionless soils dividing
thise discussion into Purpose, Scope, and Procedure.

A, - STRESS5-STRAIN CHARACTERISTICS

(1). - COEESIOHLISS SOILS

Purpose: The dassizn of earth structures and
of structures resting on earth foundaticns,
mey be considered as a problem having two
rhases:

a2, The structural and foundation stresses;

b. The resisting strength of materials in
the fouwndations and in the structures. The
investigation of the stress—sirain character-
istics of soils prevides an approach to a
better understending of the seccnd phase of
the fundsmental design problem and indirectly
also of the first phase, (Sec Item D),

Scope: The determinatisn of the stress-
strein characteristics of verious types and
gradings of cohesinonless solls ab varying
densities and loadings.

Procedure: Loboratory investigations by test-
ing with the tri-axial compressisn machine,
direct sheor machine and consclidation appara-
tus. The investigztion to encoupass the de~
velopment of the method and technique of the
testing procedure.

DR, GILBOY: Would it be possible to take care of this cohesinn-
less soils program by recommending that the investigations now be-
ing carried on by the Boston District be continued?

CAPTAIN STRATTON: Yes., I should like to say that the Boston Dis-
trict intends continuing its investigation on cohesionless soils since
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we have o number of dams to be constructed of this material,
However, this investigation should not be limited to the Boston
District, I want to remind you that there will be a tri-axial
compressisn machine at the Vicksburg Waterways Experiment Station.

The Chairman then asked for a discussion on the scope
and procedure as outlined for cohesionless soils. There
being no comment, he requested that the delegates proceed
with the discussion of A& (2), Cohesive Soils.

A (2) ~ COUESIVE SOILS.

The same general comments under & (1) apply to
thig phase of the investigetion of the stress—
strain characteristics of soils.

MR, BUCHANAN: Recent research in the stress-sivain cheracteris—
tics of cohesionless materials indicates that much remains to be
done, It appears that similar research should be performed re-
gerding the same characteristics of cohesive materials, since both
cohesionless and cohesive materianls are used so extensively. How
is the logical time to plan such research. Who 1s %o do this work?
A decision regarding this matter is desirabls,

CAPT, STRATTON: We are looking for voluntesrs.

MR, BUCHANAN: An excellent opportunity is afforded at Vicksburg
for doing such work., One of the tri-axial shear machines construct-
ed at Harvard is to be transferred to the Waterways BExperiment
Station at Vicksburg, An abundsnce of cohesive material exists
within the Mississippi Valley, and this work cowld well be under-
taken, A program for research slong this line could be submitted
for consideration,

CAPT, STRATTON: It should be submitted to the Chief of Engineers.,

DR, CaSaGRANDE: If a special research group is established at the
Waterways BExperiment Station, the handling of research problems
would not interfere with the station's handling of the specific
problems delegated to them,

LIBUTENANT DAVIS: To effect coordinated action through the Chiefls
Office, I recommend use of the already established Soil Mechanics
Research Center of the U. S. Waterways Experiment Station. The
urgency of specific problems has relegated pure research work fo a
position of low importance. The recommendations forthcoming from
this conference should be the driving force which will properly efi-
phasize the importance of research work. Alsc note that the Scils
Research Center of the Waterways Experiment Station periodically
issues Soils Research Bulletins, incorporating information of
general interest to the entire Engineer Department, particularly in-
formation about specific problems having & common application.
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DR, CASAGRANDE: It is not wise to divorce research men entirely
from the application of research to specific problems., This is
particuwlarly true of the men in charge of research who should
have plenty of time to do the thinking, and should be given plenty
of opportunity to cooperate in the scolution of difficult problems,
To meke this possible they must be aided by a sufficient number

of competent zssistonts,

In talking about research we should keep in mind the two
different types of research, both of which are needed. OCne iype
in which the practicing engineer is chiefly interested, deals
with the solution of & given engineering problem. Such problems
usually contain so many combined elements that it is not possible
to walt until eexch factor is fully investigoated; or else the
theoretical interrelationships are so complicated that a direct
solution is at present not possible. Therefore we attempt a
solution e.g. by model tests. 4nd if one approtch fails, we try
another simpler cne, until some kind of results are obtained,
Such work is research, to be sure, but of a crude nature, It is
very lmportant that in the presentation of the results of such
work the limitations bs clearly stated. Probably the answer will
not consist of a single figure but of a wide range, and it may
depend largely on the experience and judgment of the engineer
carrying out the design, rather than on the men who corry out the
research, to narrow down this rsmnge to a practical value.

The other fype of research deals with the fundamentals of
soil mechanics. It is this type of work for which the new re-
search group in your Department should be crested. Tae approach
to fundamental research should be quite different from the approach
to problems which the practicing engineers bring to us, which re-
quire some sort of an answer in a given time, It may require
vears of painstaking work before satisfactory results are obtained
in such scientific research. While such work is in progress it
does not sesem to benefit directly any practical problems, and
therefore such work has received 1little support in the past, Its
real advencement was chiefly dependent on a few individuals who
are doing it for the love of it. Another reason why progress in
the study of the fundamentals is so slow is that this kind of work
requires a special talent which is net abundent, Most of the men
doing so~called ressarch are anything but qualified for this work.
It is this type of man who swamps the periodicals with publicam
ticns of "new discoveries™, which only waste the reader's time,

he Engineer Department will have to be very careful in the sel-.
gction of the men entrusted with this work if they wish to pre-
vent much money being spent for worthless results,

CAPT, XRAMFR: We are discussing the investigstion of stress=
strain characteristics of cohiesive solls, with particular refer-
ence to the application of the recently developed tri-sxial lcad-
ing machine, The consultonts say new techniques give rise to
certain doubts and present new avenues of approach in the
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investigation of shear characteristics, For c¢cohesionless soils,
the Boston District has charted a new road. Eowever, it 1ls with
clay soils that most of our districts are concerned. The work
with cohesionless soils has shaped the problem of investigation
on clay soils, Mr. Buchanan says he is to get one of these tri-
axial machines at Vicksburg, I recommend that we delegate to the
U. 5. Waterways Experiment Station the investigation of cohesive
soils,

MR. BUCHANAN: I concur with Dr, Casagrande in his general plan.
It is odbvious that we should not devote our entire attention to
pure research and forget the application of this woerk to real
problems, for thus we wounld lose interest and become unbalanced,
4 unique situation prevails at the U, S. Waterways Experiment
Station, in that a great variety of problems are presented to this
Station by all District Cffices, Thus, & Research Division in

the Soil Mechanics Research Center would have the opportunity of
working occasionally on a specific job, thereby maintaining in-
terest and enthusisam on & high plene.

CAPT. XRAMER: ¥From Dr. Casagroande's explanation of how he bud-
gets his time, and considering that under the stress of a great
many extraneous influences he has been able to develop his new
machine, it is only a question of management on the part of the
Experiment Station to conduct this research program,

COL. PARK: The Waterways Experiment Station for some time has
been doing all of the experimental work for the Mobile District, I
sincerely hope that in the future we are not going to send to the
Station for the solution of our specific problems and find there
only the knowledge gained from the relatively few experiments in
specific problems, The Mobile Distriet wants to see a general
research center established at Vicksburg with proper personnel,
adequately financed, as well as research on specific problems,

£OL, BESSON: The Gelveston District seconds the remarks of Col,
Park,

ook kg

CAPT., STRATTON: We will then proceed to discussion of Item B,

B, ~ DEVELOPHMENT OF EQUIPMENT FQR FIZLD CBSERVATIONS.

Purpose: To further the kmowledge and understanding
of the behavior of smbankments and foundations, giv-
ing consideration to undisturbed sampling of soils and
observaticns of seepage, setbttlement, deformation and
stress distribution,

Scope: Development of:
(a). Boring and sampling equipment
(b). Piezometers
(¢). Settlement gages
(4). Pressure cells
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Proceduret 4 fact finding survey to determine the
value of equipment now in use development of appara-
tus based on the experience gained to date.

We will limit the discussion to the specific problem. We will
have general discussion first. You are all free to ask the con-
sultants guestions. They are here for your benefit,

MR. CUMMINGS We have made over three hundred thousand feet of
test borings at Fort Peck, in which we have attempted tc take un-
disturbed drive samples, and have developed some very efficient
sampling equipment, and various types of samplers, Several of the
different districts have requested information on this equipment,
and we have this information available,

CAPT. STRATTON: We heve done much sampling in the Boston District
on cohesionless scil below the water line. A report will also be
available for digtribution in a few months.

DR, GILBOY: I want to call attention to the procedure listed under
Item B, I think we could dispose of this subject by recommending
that such & fact-finding survey be instituted and that the various
districts working on these problems submit at least a brief report
on what they have been doing, for further guidance.

MR, BUCHANAN: I agree with Dr. Gilboy. We could accomplish much.
As & matter of fact, we have been very much concerned with the pro-
blem cf sampling, We offer the research bulletin as an outlet
through which this information can be sent to you. & record of

the experience of the various districts could be assembled and dis-~
tributed through this agency.

MR, HANSEN: Mr. Cummins has brought out the fact thaet they had con-
siderable equipment for sampling below the water line. The Little
Rock District has used this equipment with very few additions and
has obtained excellent results. These results have eliminated at
least half the test pits and will, in the futurs, eliminate most of
the test pits in cohesicnless soil.

ME, BLOOR: In the Chio River Divisicn we have recently completed
13 earth dams 1n Muskingwa basin and are now engaged in bullding
o2 number of levees along the Ohio River, We have been trying to
promote 2 Series of field measurements following the completion
of the Zanesville dams in order to establish whether or net our
basis of design is very accurate, This will necessitate developw
ment of some of this egquipment. I am going to try to get Departe
mental approval for such a program on these Zanssville dams and
possibly on some of our levees, I suggest the Zanesville District
as a good place for the development of this equipment.



MAJOR SHAW: I concur with Dr. Gilboy. I think the Engineer

Corps as a whole is losing a golden opportunity. We are cooper-
ating with Vicksburg very closely, ond whenever we have to decide
on & piece of equipment or a method we get either Lieut, Davis

or Mr. Buchanan over, and talk over the possibilities of using it.
We think that necessity is the mother of these discoveries of
equipment., ZHach development comes about as the necessity for it
ariges, When we find a system that works, we use it, If all the
material were sent to some central clearing station like Vicksburg
to be passed out to the Corps as general information, I think we
could get & great desl out of it; as the problems came up they
would go cut to people in other districts who might have the
enswerg right there. With all districts having their own problems
and their laboratories, they znswer their own provlems, but nobody
else knows about it., They make their report, which in turn is
included in a report of 12 or 14 thousand pages, and other dis-
tricts do not have the time to read through all that material, I
suggest that we cooperate more closely and let the necessity of
the situation develop the new types of instruments and methods used,
and thsn disseminate thet knowledge through the Department,

MR. FLACH: At Conchas Dam we have built a test dam one-fifth the
sige of our high south dike. This test dam has special equipment
which consists of plein and perforated pipes, Goldbeck cells for
sarth pressure, hydrostatic pressure cells for water pressure, and
subsidence plates for settlement observations. The seepage lines
have not been fully developed. We ore tiking periodical observa-
tions and will write a final report in connection with our first
report on construction and equipment.

MR, SLICHTER: The sampling equipment which Mr, Cummins described
was developed at Fort Peck and was recently used in the underground
explorations at the Marshall Creek Dam, whers it has not proved
satisfactory. For sampling during the reconstruction of the dam,
we have designed an wndisturbed scmpler which is driven into the
grouwd by a hydraulic ram, We plan o check the efficlency of
this sampler by comparing the test results with those of samples
taken later by hand at the same location during the excavation of
the foundation solls., The sampler and zccessory eguipment is now
under construction and will be placed in operation within .the next
3C days.,

MR, BUCHANAN: The U, S, Waterways Experiment Station has recently
used a new type of drilling machine and excellent results were
obtained. The George Failling Supply Company of Enid, Oklahoma,
developed the machine, which is very speedy and satisfactory, The
machine is mounted on a truck and is very mobile, The motor of
the truck drives the drilling mechanism. It cen drill to a depth
of approximately 2,000 feet., It has a collapsible derrick, which,
when in position, can handle ftools or drill reds 25 feet in
length, without 4ifficulty. The drilling is done by a simple
rotary mechanism, which is provided with an arrangement of hydraul-
ic rams for pushing the sampling tube into the material, rather
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than driving it with a hammer. 4 winch capable of lifting 20,000
pounds (single line pull) is provided with the machine, as well

ag a punp for handling both drilling muds and clear water. The
mechine is not only suwitable for rapid drilling through soil, but
also through rock, and uses any type of rotary bits, diamond,
fish~tail, aumger, or such special bits as the "Hughes" rotary bit,
I recommend it for «ll general drilling and exploration work,

CAPT, STRATTOW: We have perfected some of the methods which have
been developed in other districts, to make the sampling tests at
Franklin Pells. Would anyone like %0 elaborate on the technica
phases of that type of sampling?

DE, GILBOY: Should we spend any more time on this subject? I
think that all of the districts have had a good deal of the same
experience in this matter, It seems to me that we should decide
on some plan by which we can find out what has been done by other
agencies,

DR. CASAGRANDE: I suggest that the Engineer Department collect
all their informetion on boring and sampling methods and turn it
over to Dr. Hvorslev so that he may include it in his report to
the Americen Society of Civil Eangineers. I believe that we should
wait before making further detailed recommendations until Dr.
Hverslev'!s report is available,

CAPTAIN STRATTON: The Boston District would like to be considered
for the elaboration on investigations on boring and sampling equip-
ment for sampling cohesicnless soils. I will be glad to hear more
specific proposals,

MAJOR NOLD: The Binghamton District wishes to be considered for
inclusion on items 4, C and D of development of equipment for
field observations. We have to do some of it anyhow. My assist~
ants will elaborate on this very briefly.

MR. HOUGH: Ye have many ideas on paper about boring and sampling
equipment., This conference brings out the desirability of going
ahead with some of these things end I would like to know what
districts are actually going to construct some of this equipment,
Has anyone here tried out equipment used by telephone companies
for setting telephone poies, for borrow areas where rapid sampling
is desired at shallow depths? On settlement gages my interest in
cells has been intense because at Cornell Unlversity, where our
leboratory is located, one of the graduate students is doing thesis
work on pressure cells and he has some good ideas. Some of his
trouble is with the construction of the cells., The Binghamton
District should cooperate with this and arrive at a conclusion
which would be useful to the whole department.




MR. SLICHTER: ¥o doubt there is considerable information on the
use of various types of sampling equipment which would be valu-
able to anyone contemplating underground sxploraticns. The re~
construction of Marshall Creek Dam offers an excellent opportunity
for the comparison of samples tsken with sampling equipment with
undisturbed samples taken in open excavation areas. A~As a prac-
ticel research problem, I recommend that the districts which have
developed special sampling equipment and ars inbterested in checke
ing it against undisturbed fest pit samples during the Marshall
Creek Dam reconstruction should make a specific request to the
Chief of Engineers for the authority. The efficiency of each
sampler could be evaluated by comparing samples according to the
method used by Dr. Hvorslev,

MR, BUCHANAN: In answer to the question raised by Mr. Hough, I
recommend a new machine which is very suvitable for rapid explora-
tion of borrow pit areas. This machine 1s designed to work on a
pick-up truck and operates in the same general manner as similar
heavy duty machines uwsed by telephone companies, It can bore to
approximately 16 feet in a very feow minutes. It has actually
been used on profects and has proven satisfactory.

MR. WELLS: I recommend that the scope of itemn B be enlarged to
include the development of apparatus ond methods for field deter-
minaticn of foundation permeability. AY present, we attempt to
determine flow patterns in pervious foundationg by taking large
numbers of undisturbed samples (if possible) and testing each
sample in the luboratory. We can determine the permeability of
each szmple very accurately. Eowever, in most natural soil de-
posits, variations in permeability are tremsndous and, conse=~
quently, large errors may enter in the interpretation of our
laboratory results., The only way to overcome this difficulty is
to test the pervious foundation, as a whole, in the field. The
problem resolves into development of apparatus for doing this,

DR, CASAGRANDE: TFor yesrs I have been interested in testing the
permeability of the ground by pumping out observation wells, or
feeding water into wells, and then cbserving the changes in ele-
vation of the surrounding ground water table. I have come to the
conclusion thet this method is practical only for relatively uni~
form soil conditions. Where the soil conditions are very irreguler
and contain very porous sections, this method is difficult and ex—
peneive to apply. This method, however, did prove successful,

in spite of irrsgular glacial deposits, on the Quabbin project in
Massachusetts, where pneumatic test calssons were used as wells,
end continued punping for muny months effected a substantial lower-
ing of the surrounding ground water table.

MR, HOUGH: I think this conference can recommend development of
apparatus for the field measurement of the permeability of soils
in place, I recommend that this be done,

* Ok K L
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CAPTAIN STRATTON: Ve will now nroceed to discussion of Item C [1).

CAPTAIN HILL: We have en imuediate problem of levees and there
is an extremely non-homoganous meterial which varies along the
levee. To put that many tests through the isboratory is imposs-
ible. We have tried the Proctor needle and it does not work for
us at all. Is there some mechanical means whereby we could get
the same results as with the Proctor needle?

TR, GILBOY: I dec not understand the problem you are up against,
Are you trying to measure the hardness or softness?

CAPTAIN HILL: We are trying to get the consistency of the levee
material, a measure of its proper classification in order to de~
termine if the material from the borrow pits is savisfactory for
actual construction.

DR, GILBOY: I do not Ynow., I sheould have to think that over,

CAPTAIN HILL: The immediate problem is one »f field observations,
We want %o eliminate certain tests because it is not feasible to
deal with them in the loboratory. We must get some measare of the
stability of the material 2s we go along. There is a question in
my mind if some mechanical device such as the Proctor needle could
be used to arrive at some reasonably consistent result, so that

we can discard or use the materisal from different borrow areas,

DR. GILBOY: I do not know of any such method. That is a special
problem which your district might investigate.

CAPTAIN HILL: Is any such an investigation being carried cut at
the present time?

DR, CASAGRANDE: It is not yet possible to determine in the field
the suitability of a material for dom construction. This can only
be-determined from a reliables knowledge of the stress-strain rela=-
tions and permesbility of the available soils. Measurement of the
consistency, either in the laboratory or in the field, does not
yield the stress-strain relations and permeability of the material,
but tells you only the consistency in which this material happens
to be, By changing the water content, one can change the consist~
ency radically, and yet the soil is still the same, either suitable
or unsuiteble for dam construction. The consistency is important
in connection with proper censtruction aftsr it Iias been decided on
the basis of other investigations that a material is suitable, and
after a proper cross section of the dam was designed.

MR. TORPEN: Any inspector will find that the human eye and a

little practical Judgment is all the equipment necessary for this
procedure.
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CaPTalN KRaMER: Assuning we have found by laboratory tests some
definition of what constitutes rejectable material, the applica-
tion is not a mechanical problem involving needles but involving
humen judgment. Go down to the Lower Mississippl Valley where
they have been building levees for = long time and look for an
inspector with web feet and calloused hands. That is probably the
best mechanism teo serve youwr purpose,

DR, CASAGRANDE: I have found in my work with highway departments
that it is possible %o train an intelligent young man to identify
& limited number of seil characteristics in the field. I believe
that after thorough study of the materials which will be used in
& dam, it should be possible to train men to identify these soils
in the field with their own hands and & few very simple fisld
tests, even if fthe same soil may appear in widely different con=-
sistencies.

MR, CUMMINSY: At first we ran mechanical analyses in the labora=-
tory on all borrow pit samples. Later we found that trained in-
spectors became so familiar with the material that this was un-
necessary. e estoblished a field classification office and have
a couple of men :.there who can give us a very accurate analysis and
can classify several hundred samples a week. Of course, we main-~
tain a certain amount of laboratery control over the field
classification.

CAPTAIN STRATTON: We are looking for specific proposals and re-
commendations on Item C (1). '

C (1) - SEEPAGE THROUGH EMBANKMENTS AND FOUNDATIONS.

Purpoge: To further the knowledge and understand-
ing of seepage in embankments and foundations,

Scope: (a). Comprehensive review of all recent ex~
perimental and theorstical work on the seepage
through earth dems and foundations, eithsr in pub-
lished form or in reports, and by interviewing those
with experience in such work, for the purpose of
establishing a clear picture of the relative merits
of the variocus metheds and for establishing the type
of problsms for which laboratory results are still
required, indicating the best approach to their
solution.

(»). Field observations on temporary and per—
manent water retaining structures for the purpose of
establishing the deviations which may be expected
from results of theoretical or experimental investi-
gations due to "minor geologic details”,

Procedure! (a). PFact finding survey by selected
qualified personnel,
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(b). Observation by means of permanent
observation wells and open~ended pipes jetted down
to various elevations for rapidly establishing
pressure profiles., Temporary structures, such as
earth cofferdams, lend themselves for the purpose
of learning the possible deviations from results
obtained on the basis of simplified assumptions,

MR. BUCHANAN: Much interesting information regarding the seepage
through & dam 30 feet high has been assembled by the U, S, Water—
ways Experiment Stétion, The dam was designed ond its construct-
ion supervised by the staff of the Soil Laboratory of this Station.
Two types of observailon wells and approximately 18 of the Goldbeck
pressure cells were installed; The total head is approximately 25
feet,and was maintained with plus or minus 0.5 ft. during the per-
iod of observation. The results obtained from the observation
wells heve been gratifying. The Goldbeck pressure cells have fail-
ed to function satisfactorily, 4approximately 11 monthe! time was
required for the seepage to develop fully through this structure;
The best type of observation well was found to be a closed pipe ex-
tending down to the desired position with a filter at its bottom,
The perforated type of well hag not proven satisfactory. The water
level in the pipe can be determined accurately tc within ,Cl of a
foct, with a simple gounding device. Follewing the construction of
the structure, additional wells have been placed and have functioned
satisfactorily, indicating that such wells may be placed in come
pleted structures.

MR, PHILIPPE: I have a specific recormmendation. In the Muskingum
district 13 earth dams of a variety of shapes, sizes and heights
have been built. On many of these exhaustive studies particularly
as to sespage have been made, It 1s also possible on most of these
to collect and measure seepage, drill various embankments and setb
up methods of measuring pressure. I recommend very strongly that
this %e done,

DR. GILBOY: I want to indorse Mr. Buchanan's recommendation and
point out that although we can sink observatlon wells into existing
dams, it does not open up such a wide field, because in order to
know whether the observations correlate with preliminary studies

we must have made some preliminary studies. There are a lot of dams
where very little is known ebout the interior properties. We should
check up on cases like those in the Muskingum district where a great
deal of informetion was obtained, and in dams currently being built
we should put observation wells so that we will have something to
correlate seepage studies against,

MR. SENOUR: The rate at which seepage develops should be investi-
gated, Particularly in levees on streams having floods of brief
duration, a great deal of money could be saved by reduction in
lavee cross section if we knew how rapidly seepage develops.
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MR, PHILIPPE: In the construction of levees at Lawrenceburg,
Indiana, they are contemplating the installation of such wells,

MR. FLACH: Investigetion of seepage through structures using both
plain and perforated pipes is necessary for this reason: if you
put a plain pipe at a certain point you read the pressure at that
peint, If you have a weak lens you may still have seepage through
that lens &nd not notice it., A perforated pipe would counteract
these weak points. A combination of both types of pipes is
NECES8aTY .

MR. GRIFFIN: We have what might be termed two $ypes of laboratory
field work in connection with seepage. On many navigation dams in
the Upper Mississippl River we have instazlled some means of measur-
ing uplift pressures. Pipes with scresned openings near their
bottom ends have heen provided beneath the masonry piers, silis

and aprons, By neasuring the static water levels in these pipes

it will be possible to approximate the flow nets and seepage be-
neath the structures, These dems have heads which range from 5,5
to about 20 feet. These are founded on sand and constructed with
steel sheet pile cut-offs on both the upstream and downstream sides,
We are alsc investigating the seepage into levee districts, which
exist for a consideraeble stretch along those portions of the
Illinois and Mississippl Rivers now belng improved for navigation,
The matter of seepage into several of these districts 1s importent
in view of the domage claims which may arise. Pipes are being in-
stalled for measurement purposes. Although the differences in head
will be low, this work will be of importance in connection with
proposed studies,

MR, BUCHANAW: I concur fully with the comments of Dr., Gilboy and
believe that we should place observation wells in structures suited
for this purpose, particularly those formed of homogenecus material,
Such a series of studles would permit great improvement in our
present methods of design regarding seepage. The investigation of
structures in which different kinds of materials of varying permea—
bility occur would yield little information which could be analyzed
by present methods, for too many variasbles would have to be con-
sidered in the study of such a dam, In answer to the guestion
raised by Mr. Flach regarding perforated wells - we have found that
they clog badly, and in general are unsatisfactory.

MR, CHOSBY: Laboratory results of seepage through foundations must
be applied to underground conditions with great caution on account
of the frequent irremularity and varisbility of those conditions,
Borings mey appear to indicate the underground conditions satisfac-~
torily but in many cases conclusions drawn from them without a
thorough knowledge of the stratigraphy of the different types of de~
posits may be misleading., Some types of deposifs characteristi-
cally have lenses, tongues and branching strata while other types
are more repular in thelr stratification. No reasonable number of
borings can prove whether a bed is continuous between two heles or
whether the holes struck two lenses, but recognition of the type of
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deposit will indicate the probabilities. Discontinuous and
voriable strata, tongues and lenses are most common in some types
of glacial outwash deposits and in flood plain deposits, but some
glacial deposits are very wiform, Regular stratification is
comrion in some leke and sea deposits, but there are exceptions
which can be detected by geclogicnl study. 4 geologist experienced
in sedimenbtary deposits cean identify the type of deposit, know the
type of irregularity to expect, make the most accurate interpre~
tation possible of the boring and other data, and estimate the pro-
bable degree of accuracy of the conclusions,

The following procedure is recommended in applying resulis
of research investigations to seepage throush embankments:

1. The underground conditions should be determined as
accurately as possible by a competent, practical zeolo-
glst, If conditicns are simple, the results of labora-
tory tests can be applied to them, or thay can be re-
produced in a model,

2. If uwnderground conditions are moderately complex it may
be possible to estimate an average condition and apply
the laboratory results té this,

3. If underground conditions are very complex a most careful
study of the stratification must be made and the worst
possible conditions determined and the laboratory results
applied to them, unless some method of field test can be
devised which will automabtically evaluate the underground
complexities.

Field permeabllity tests merit further investigation as they
may provide the most satisfactory method of determining seepage
through complex deprsits,

Indiscriminate application of laboratory results to under~
ground conditions which may be complex is very dangerous.,

In studying seepage through embankments, attention must be
given to the effects of stratification and the parallel arrangement
of flat grains. If the embankment is placed by a hydraulic method,
conditions somewhat similar to natural deposits will occur and
tongues of pervious material may extend far intc the imperviocus
core,

MR. HOUGH: Relative to seepage measurement, Mr. Harza of the
American Scciety is now working on a device for measuring sespage
pressures, When we make our recormendations for development of
equipment we should consicder Mr. Harza's work,

DR, GILBOY: I concur with Mr. Crosby's remarks on geological
studies, We soil mechanics, when trying to design a dam, ask a
goologist all sorts of questions about stratification, history of
deposits, ebc,, for it iy 4ifficult to evaluate the situation with-
out such knowledge.
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MR, SLICHTER: I recommend that a study be made of the seepage
through 2l1 of the existing dems in the Department, including the
Fort Peck Darz, For the study of seepage, the Fort Peck Dam pro-
bably hes an advantage over flood control reservoirs such as those
in the Muskingun Valley because the pool level will be held at a
fairly high level. Reservoir operations for navigation will produce
a fairly uwniform fluctuwation of pool level during each yeorly

cyele, A very complete record of the soils in the dam has been
made and seepage pressure pipes have been installed.

MAJOR SHAW: Has any district or division made a seepage test of
the conditions of the foundation both prior to and after construc-
tion of the dam, and what process did they use?

MR, PHEILIPEE: In the Muskingum District we made permeability
determinations both by laboratory methods and then later, by ex—
cavating test pits and pumping from them., There was reasonable
agreement, Furthermore, we have @ jproximately measured the seepage
after the dams have had water against them. At the Mohawk Dam the
seepage was very much in line with our estimates made previcus to
the construction of the dam, Both foundations and dam were con-—
sidered in this particular case because 95 per cent of the seepage
Zoes through the foundations,

CAPTLIN KRAMER: We have at Conchas a case of impervious founda~
ticn in 2 test dam which is a step larger than a flume test. This
dam will £it Dr. Gilboy's specifications as to prior information,

DR, CASAGRANDE: I do not wish to discourage observations of water
levels within dams. It is much more important that such measure~
ments be made in pervious foundations of dams, If a dam was thor-
oughly anslyuzed and properly dbuilt, the line of seepage will for
practical purposes not deviate seriously from the theoretical deter-
mination. However, the irregularities of a natural scil deposit ars
such that the seepage through & foundation may differ radically
from the flow nets determined from a few permeability profiles.

MR, TORPEN: At Bomneville we had the possibility of determining
seepage through the darn. Under the direction of Mr. Harza, consul-~
tant, we made several pumping tests, sanlt some drill holes, made
mechanical analyses of materials, and determined coefficients of
seepage. We correlated all these matters, After building a
cofferdam for the powerhouse and punping out the inclosure of 25
acres we estimated seepaze to be about 25 to 50 ¢.f.s. per second
which was very close to the predicted amsunt. This seepage was
subsequently reduced to 17 c.f.s. per second. We believe it is
possible to determine the coefficient of seepage within practical
limits from a study of mechanical analysis, puaping tests and
thrcugh the flow net method. For the dam proper, which was founded
on bedrock and the abutments of which were only against terrace de-
posits, the gquestion was how far to put cut-off walls. There were
many recommendations for cut-off walls from 1,000 feet to 1 mile in
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length, costing from one to ten million dollars., After a very
thorough study of this we concluded that the seepage would be a
relatively small amount. This experience at Bonneville shows
what thorough study can do.

MR, SENOUR: The Mississippi River Commission has made many
ohservations on seepage through levees during floods and I re-
commend that the practice be continued wherever there are flcods
against levees. Obgervation of seepage should be made when the
levee material is fairly homogenecus or where variation of mater-
ial is known. Some of our sarlisr observations were disappoint-
ing because non-unifermity in the materials caused such erratic
variaticns in the seepage line that 1ittle could be learned.

DR. GILBOY: If possible, I recommend that the procedure as out-
lined in the memorandum be accepted and that such districts and
divisions as wish to cooperate in that program should signify
that desirs,

MR, PERSONS: The Conchas Dam South Dike is an example of rolled-
£ill on impervious foundation. We have worked with a number of
different scaled models and are now observing the action of an 18-
foot high test dam, The 90-foot South Dike will have in it a
number of hydrostatic pressure cells so that a check of its seep-
age line against those in ocur model and test dams will be possible,
We recommend that the results of our studies be included in your
studies of seepage through embankments and foundations,

MR. HOUGH: I propose that we insert in this section the suggestw
ien that in all earth works which the Department constructs, we
should not only insert equipment for field measurements but also

to obtain semples of the materials at frequent intervals as the
works are constructed. I suzgest these samples be subjected to a
very careful analysis and a record made of the date, so that after
completion, we will have the necessary information to meke whatever
studies may be desired.

MR. PHILIPPE: The Ohio River Division recommends that the Zanes—
ville dams be observed. These dams included the conditions where
structures were built on impervious foundations as well as pervious
foundations, Our geologist suggests that permesbility studies be
nade by the study of underground flow, by observing the movement

of salt introduced in one well-point to another well-point. This
is commenly raferred to as the %Slichter method®., The installa-
tion of gages and pressure reading equipment sould be promoted by
the Corps of Engineers, especially in flood walls and levees.

MR _BUCHANAN: The numerous structures proposed in the Mobile
District offer many opportunities to cbserve the seepage through,
beneath and around numerous types of engineering structures. I
recommend that provision be made in the design of these structures
for making desired observations.’
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COL, PARK: It is very important that all the very extensive data
that the Vicksburg Laboratory is searching for be disseminated
throughout the Department., We found we could dispense with elab=-
orate and expensive foundations when the laberatory advised us
about cohesive soils,

MR. JERVIS: A most complicated situation in the study of seepage
is where seepage through the section and the fcoundation is inter-
mingled., This intrecduces certain difficulties in computing where
the topmost flow line will be and what the pressures will be,
particularly around an opening between the pervious foundation
and a levee section itself, The lavees in the Vicksburg District
are founded on pervious materials which are covered by impervious
material so that foundation and levee seepage can be studied
separately. Such study i% important in order to get fundamental
facts in simple form.

ME, GRIFPIN: 1In the Upper Mississippi Valley Division we have

some possibility for seepage studies. We do not have quite as much
head as at other locations, bubt we do have more constant heads than
those in effect at some flood control dams during the passage of
floods, In comnection with our damage claims we contemplate some
seepage studies. In addition we have facilities for the approxi-
mation of seepage beneath certain navigation dams. These should

be included in the program,

MR. HARTMAN: I suggest thet in the course of construction of

various structures we set up a fund so that we can guarantee that
all suggestions made for these dams be carried out.

AFTERNOON SESSION

June 20, 1938,

CAPTAIN STRATTEN: We will resume the conference with a consider-
ation of items C (2) (a) and (b) "Bffect of Discharge of Seeping
Water on the Stability of Embankment Slopes®.

¢ (2). - (a), EFFECT OF DISCHARGE OF SEEPING WATER ON THE
STABILITY OF #MBaNKMIND SLOPSS.

Purpose: By systematic investigutions to ascertain
the effect of seepage on the stability of embank-
ments, -

Scopet Laboratory investigation of the effect of
seepage on the stability of undreined downstream
embankment slopes by the use of models constructed
in glass flumes. Cbservations of behavior of model
under severe conditions of drawdown,
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Procedure! Embankment sections to be constructed
of homogeneos materials of various gradings at
various densities and ranging from cohesionless

to slightly cohesive, Various sections of embank-
ment to be used and conditions of test to include
observations at various heads with and without
tailwater.

MR, ACKERMAN: In connection with a study of cohesionless mater-
ials the Boston District should attempt to determine the laws
which govern the erosion at the tce of a dam from which water is
emerging, Little is known of these conditicns. In the Middle
West many sand dams have been constructed, and in certain casss
it was cheaper %o build the sections large and avoid the use of
filters.

MR, HOUGH: 4s I see it the scope of € (2) (a) has been limited
te embankments which have no drains in the slopes.

CAPTAIN STRATTON: We are considering this largely for structures
that have no filter materials available,

MR. HOUGH: I showld think that ¢ (2) (a) might be amplified to
include structures that do have drains.

DR, GILBOY: That is just a special problem as it is set forth
here, the idesa being to try to find out what effects cccur at the
toe of the slope which is not drained and how those effects are
governed by deposits within. In certain cases adeguate drainage
is not feasible. This program would give us some information as
to what we can do without drains,

MR. HOUGH: I don't want to minimize the Importance of investigat-
ing undrained slopes. I simply propose to make provision for
other types of slopes as well.

DR, CASAGRANDE: It seems to me that all other problems concern-
ing structures with proper drainage arrangements belong under the
heading "seepage".

DR, GILBOY: If I interpret your remarks correctly you believe
that some provision showld be made for study of the seepage forces
in the downstream parts of embankments which are provided with
adequate filters, and the effect of these seepage forces on
stability. I think that would come under Section E.

MR, HOUGH: I wish to know whether or not it would be proper to
congider here the subject of the effect of drawdown on slopes of
homogeneous sections like levees,

CAPTAIN STRATTON: It is recommended that the last sentence under
"Procedure’, Item G (2) (a) ve added after the last sentence in
"Scope" and that the title of this item be changed to read
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tEffect of Discharge of Seeping Water on the Stability of Em-
bankment Slopes". We will proceed to Item C (2) (b).

¢ (2). - (b). EFTECT OF SEEPAGE ON THE STABILITY CF FOUNDATIONS.

Purpose: To ascertain the effect of seepage on
the stability of embankment foundations,

Scope! Study of underground erosion in strat-
ified soils and possible cavity formation and
piping in foundations. Determination of the value
of cut-offs and of lengthening seepage paths by
use of blankets and aprons.

Procedure: Pield investigation of existing
styuctures and laboratory investigation by use of
models,

DR. GILBOY: This whole problem, as you can seg from the Scope
and Procedure, is stated only in very general terms here. I

would welcome suggestions from any of the members on more specific
recommendations and study.

MR. PHILIPPE: I should like to see these studies extended speci-
fically to abutments and abubtment contacts.

CAPTAIN STRATTON: Are there any specific recommendations on
Item C (2) (b} 7

MR. BUCHANAN: The levees in the Lower Mississippi Valley offer
ample opportunity for the fiecld studiss desired. Any rumber of
combinations of materials exist both in the foundations and struc-
tures. I recommend that the work be undertsken by the Districts
in the Lower Migsissippi Valley, eithar by observations of seep-
age through and beneath the levees, or by means of small scale
modal studies. Such work could also be undertaken by the Soil
Mechonics Laboratory of the U. 5. Waterways Bxperiment Station.

DE. CASAGRANDE: We particularly had in mind underground erosion
beneath rigid structures such as concrete overflow dams. There
are two phenomena which lead to the formation of cavities, grad-
ual underground ercosion, and finally piping. The first one was
pointed out by Terzaghl many years ago and oceurs in stratified
deposits, Under certsin combinations of fine and coarse grained
layers, large seepage forces may wash particles from the fine~
grained isyer into the pores of the adjacent coarse-grained mater-
jal, thus leaving cavities open which facilitate the flow of water,
which in turn aggravates the cavity formation until the seepage
pressures on the downstream side are increased to the point where
bolls appear and piping may occur,
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More recently we have come to realize that there is another
cause why fine-grained sandy soils are particularly susceptible
foundation materials. Such soills are usually in a very loose
condition and a disturbance may produce local internal subsid-
ences and the formation of cavities below the base of the dam,
Unless cut~off walls prevent the formation of a centinucus
channel, such a condition may lead to failure by piping. I
believe that many piping failures of overflow dams are due to
such internal subsidence of loose, fine, sandy foundations,

CAPTAIN KRAMER: One form of this phenomena cccurs behind levees
during highwater, It is known as "sand boils", Various kinds

of "porous plasters" have been prescribed by many well-meaning
doctors, The usual field treabment consists of equalizing the
head locally until the water ceases flowing. It is very disturb-
ing to see this material washing out from under a levee when the
cause and effect are unknown. The real practical problem pres-—
ented by this topic 1! What is a sand boil?!

DR, CASAGRANDE: The problem which Captain Kramer has just men=
tioned is an important one but does not come exactly under this
‘heading, unless the sand boils are a secondary effect of prior
cavity formation, Many sand boils are simply caused by excessw
ive upward seepage pressures on the downstream side of the
structure. Tor relatively uwniform soil conditions flow net
studies should permit the design of dams and levees such that the
formation of sand boils will not occur. Where the soil conditions
are very irregular, some "minor geologic detail' may cause the
formation of a sand boil in spite of careful foundation studies
and conservative design of the structure., It will be the subject
of laboratory and field experiments to determine in what form, by
drainage wells or other means, one can cure ordinary sand boils,

MR. CROSBY: I would like to emphasize that we must learn whatever
we can about underground conditions. Where you have very compli-
cated deposits you can't perhaps forecast all of the conditions.
You can't say exactly you have conditions that are going to cause
sand boils or will result in undermining of foundations., In most
cages you can point cut that you have conditions where that is &
possibility and you must look out for that and provide for it.

MR. PHILIPPE: Dr. Casagrende, can you suggest any form of field
investigation which will determine the effects of submerged piplng?

DR. CASAGRANDE: I believe that before we can make any definite
proposal for a field investigation we have to feel our way into
the problem in the laboratory to a certain extent. It is a very
difficult problem.

MAJOR SMITH: . During the last flood at Cairo, Illinois, there were
many sand boils bul the water from these upon analysis was found
to be different from the river water. This indicates that the
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boils were caused by an interruption of the ground water regimen
rathsr than by water coming through the levee.

ME, CROGBY: This may have been ground water which was being
forced out through the added load caused by the flood. If you
had an artesian aquifer or scme similar artesian condition. and
added this load on it, you would force the ground water out.

MR. SENOUR: When boils work toward the levee and put out large
quantities of sand, we spend large sums in emergency work, so
we can't afford to overlock this very practical provlem, It is
important that we ascertain their origin, and effect or seek
better and less costly means for their prevention or control,

DR. GILBOY: I think that there is possibly some confusion here
with regard to just vwhat we had intended to ineclude in underground
erosion., We were thinking of rigid structures such as spillways
founded on soil rather than rock, We wanted to find out if any
districts were interested in this particular problem,

COL. FLEMING: The St. Paul District and the Upper Mississippl
Division are very much interested in this. We have rigid
structures there and are measuring pressures, but not flow. It
is possible that we might be able to devise some means of measur-
ing £low, :

MR. PHITLIPPE: The Ohio River Division is contemplating the con-
struction of flood walls which are rigid structures, on sand or
other foundations, and the same problem 1s involved.

CAPT. STRATTON: From work which has been done in Germeny on sand
boils we have lesarned a lot about ground water and how to reduce
this condition,

DR. CASAGRANDE: I suggest specific inclusion of the problem of
sand boils along levees. Ressarch on the problem of formation
of cavities in the foundation would better be confined %o rigid
structures.

I agree with Captein Kramer that the use of simple open—ended
pipes rapresents an excellent method for studying these problems,
If we cannot observe directly what is going on in the subsoil,
diligent and numerous measursments of water pressures may give us
a clue as te what is happening.

MR. SLICHTZR: The Missouri River Division is interested in this
problem particulerly with flood walls when supported on foundation
piling or directly on the soil.

CAPT, STRATTON: With rigid structures on sand, it isn't a
guestion of vertical versus horizontal pressures,
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MR. BUCHAMAN: In the Lower Mississippi Valley many imperviocus
structures on pervious foundations have been constructed, I
would like an opinion from Dr. Casagrande regarding the desir—
ability of observations of seepage and the distribution of hydro-
static pressures beneath such structures. The data thus obtained
would form the basis for further detailed studies of piplng under
the rigid type of structure,

DR, CASAGRANDE: Yes, this is a very good example where such in=~
vestigations should be conducted. It is inevitable that in such
investigations we shall ceolliect information which will serve for
the solution of several different problems. Many of these pro-
blems cannot be separated distinctly. They overlap or blend to-
gether, ‘

MR. MIDDLEBROCKS: Rather than undertaking too much laboratory
work, we can observe seepage changes on actual structures.

MR. BLCOR: Since these problems mean a change in the material,
would it be possible to take samples of the materials by borings
over a pericd of years? We expect to have in our flood walls in
the Ohio River Division many cases of unusually homogeneous mater-
ials and if the problems under these walls develop. dangerous
proportions, you would be able to notice a change in maberials
from one side %o the other in the face of the wall,

DR, CASAGRANDE: Sampling would give us informetion only when the
soil is very homogeneous in character. However, in such soils,

we should not expect underground erosion. In other types of scils
it would be extremely difficult, if not impossible, te detect
changes by means of sampling.

MR. CROSBY: The most dangercus condition is where you heve thin
laminations of fine silt in plain material, and the movement of
the silt is the beginning of the trouble. You could not forecast
this condition by taking samples and studying them.

MR. PHILIFPE: I suggest that the Corps study this problem both
in the laboratory and in the field.

*® ok k%

GAPT, STRATTON: We are now ready to proceed with general dis-
cussion of the design of filters, Item C (3).

¢ (3), - DBSIGY OF FILTERS.

Purposer To develop principles of design of filters
and filter wells sco as to provide adequate drainage,
prevent erosion of foundation material and the forma-
tion of cavities, and eliminate the danger of piping.
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Scope: Detsrmination of the reguired grafding end taick-
nesg of filters, and grading and size of filter wells,
including the range of influence of the latter on various
types of pervicus foundations.

Procedure: {a), Laboratery investigation.

(b), 7Field investigations by the instollation
of filters and filter wells of selected dimension, grad-
ing, etec., in levess which are known to offer problems
involving foundation drainage,

MR, CUMIINS: T suggest that the scope of the investigation on
this subject be enlarged to include all types of drainage systems,
including subdrainage tile and perforated types.

DR, GILBOY: Ve should find out something about the required grad-
ings and thicknesses of filter materials for use in drainage
systems, particularly in such places as the downstreom toes of
dams. We are desigring the downstream toes with the provision
that we have several different layers of filter materials. We
figure material of a certain size won't go through the pores of a
material of another size, etec. Up to now, this has been a matter
of individual judgment. Filters are not being used as often as
they might, largely because there is sowme doubt as to their cer-
tainty of operation. If we can get some information regarding a
correct design which will provide for certain operation over a
long pericd of years, a great many objections will be overcone,

In connection with sand boils, if you could intercept that flow at
same point underneath the levee where there is weight over it to
hold 1% down, you wouldn't get those sard boils, This is not being
done because frequently you don't have a large amount of filter
naterial available, Ve should develon and test some simple type,
such as pipes surrcunded by a small amount of filter material,

Dr, Casagrande has already planned investigation of filters at
Harvard University and investigation is being planned at the
Massachusetts Institute of Technology, and I an sure both will be
glad to acquaint the Engincer Corps with results as rapidly as we
get themn,

MR, BUCEAWAN: A similar study is in progress at the U, S. Vater-
ways Sxperiment Station, It involvss the determination of relative
effectiveness of drazinage wells, The wells are placed on the land~
side of the levees through impervicus blankets to relieve the wp~
lifting effect of the hydrostatic pressure acting along the bottom
of an impervious surface stratunm,

MR, ALLBN: The Boston District is vitally interested in the proper
design of filters for Frankiin Palls Dam where the foundations
contain impervious material, We shall continue our investigations
and a series on filter design at Harvard University this summer.

I should like to request that this phase be assigned to the Boston
District, limited primarily to filter design unéer the scope as
outlined herein.
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MR, CUMMINS: Does Mr. Allen intend to include in his investigam
tion the design of a drainage system for an embankment?

MR. SLICHTZR: The outline proposes to study this problem only in
connechtion with levees. I recommend that it be extended to include
the adaption of filter systems to flood wall installations.

DR, CASAGHANDE: The change in title does not quite agree with
the purpose and scope as outlined. We intended to include only
the design of filter layers and now it is proposed to broaden
purpose and scope and to study flow nets for various types of
drainage systems. The design of drainage systems is part of the
study of seepage through ewmbankments and foundations and should be
included under the corresponding heading. The two problems over=—
lap and we need a cross reference to prevent misunderstanding.

CAPT, STRATTON: We will include this under general design and
leave the title as it is.

MR. JERVIS: Another problem in drainage systems is the consider~
ation of gravel drains under a large concrete structure, where
seepage is large, We should investigate the carrying capacity of
such gravel drains and the installation of drainage pipes. We
should desizn drainage systems rather than filters.

* * * *

CsPT. STRATTON: We will proceed with discussion of Item C (4) (a),

C (4). - (a), METHODS 4D EFFECTIVENESS OF GROUTING PEZRVIQUS
FOUNDATIONS TO REDUCE SEEPAGE.

Purpese: As stated in the title,

Scope_sand Procedure: Investigation and study of

the application of grouting of pervious foundations
to reduce seepage, particularly in forsign countries
where much work has been done in this field, Plan-
ning of a program to be deferred until the investi-
gation and study are completed,

DR. GILBOY: I want o call your attention to the fact that Item
{2) does not include bentonite.

DR, CASAGRANDE: These two items are separated becaunse chemicals
have been used extensively in Burope and we wish to benefit from
existing knowledge and experience. However, for Bentonite no exper-

ience is available and we shall have to carry on our own invesii-
gations,

MR, PHILIPPE: Our Division is faced with the problem of producing
cut-offs with materials that are fairly cheap. We have conducted
some investigations with the Carmegle~Illinois Steel Company and
they have developed a grout which forms a protective zone against
corrosion of steel piling. It is cheap to put in and allows econ=-
omical use of sheet piling,
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MR, HARTMAN: At Fort Peck we were confronted with the problem

of grouting sand and made the discovery of a tentative method

of applying grout to sand in which we couldn't pump grout directly.
The materizl was pervicus and water passed through it reagily,

We developed a grouting saw composed of & pipe with horlzental

Jjets spaced at various intervals. We used this grout at moderat-
ely high pressures. This caused the material to boil up and as

the material boiled using small vertical reciprocating motions

we could move the saw right along through the material. The mater-
ial floated in each case would settle down as the grouting passed
by, In this menner we obtained a curtain of grouted material,
Other districts should be given an opportunity to develop it further,

COL, FLEMING: This grouting with bentonite and chemicals is a
metter of vital concern to the St., Paul District, We have accumu-
lated some data on the subject and have translated some German
articles on grouting with chemicals. We therefore volunteer to
undertoake the collection of data concerning practices end results
of chemical grouting abroad,

* ¥ * *

¢ (4), - (v). METHOD AND EFFECTIVANESS OF GROUTING OF PERVIOUS
POUNDATIONS WITH BENICNITE TO REDUCE SEXPAGE,

Purpose! 4As stated in the title.

Scope: Field test by application of bentonite
grouting to levees on pervious foundations.

Procedure: Selection of levees which have given
considerable trouble because of foundation seepage.
Development of the technigue through laboratory in-
vestigation. Applicsticn of bentonite injections
and subsequent examination by means of test pits to
ascertain the range and degres of effectiveness of
the grouting. Subsequant observations under flood
conditions to ascertain the effectiveness of the
bentonite grouting as a means of reducing founda-
tion seepage,

MR, BUCHANAN: The use of bentonite as a grout for the impregnation
and blunketing of pervious materials has been studied at the U. &,
Waterways Experiment Station for some time., The tests completed
to date have beer performed entirely in the laboratory, and were
first concerned with the mabterial and its physical preperties.
Bentonite was used later in connection with z model simulating a
levee 25 feet high, to a scale of 1:A, It has been our esxperience
that the seepage through pervious mabtsrials can be stopped through
the use of bentonite. However, unless the concentration of the
grout is carefully conirolled, and the materirzl thoroughly mixed,
unsatisfactory results may occur. We have been successful in
rendering ordinary mortar sand as impervious as clay at a low cost,.
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Its use as a blanketing material in models has been successful,
with reductions in seepage as great as 90%. These blankets have
been placed in different ways; first, by the simple broadcasting
of the material over the surface; second, by placing a mixture

of dry sand and bentonite blended together; and third, by placing
a mixture of bentonite and sand in a moist condition over the
surface of the model. & recent subproject for further experi-
mentation with bentonite, has been submitted involving the use of
a levee approximately 10 feet high, founded on a pervious sand,
Thas, the actual work will be carried from the laboratory into
the field and much worthwhile information can be obtalined, it is
believed. 4t the moment, it appears that we can successfully im-
pregnate and blenket struectures in the field with bentonite.

CAPT. BARNES: Hew did you form your grout curtain? Did you use
the method of grouting soil Mr. Hartman described?

MR, BUCHANAN: The grout curtain was formed by using an ordinsry
well point with an oubter protection screen which was adjusted to
prevent the infiltration of materials grouted. The actual grout=-
ing was started from the top of the formation and progressed down-
ward. Pneumatic pressure was used to force the bentonite grout
into the material. The grout radiated from the well point in a
uniform manner when we stripped the model,

MR, PHILIFPE: The Zanesville District conducted a series of
similar experiments. We found that in models we could use bento-
nite successfully, During the investigation of a concrete dam
site we tried grouting test pits with bentonite and encountered
a good many difficulties with grouting equipment. We also found
that by the expedient of pregrouting two filter curtains one on
each side of the bentonite curtaln the conditions were improved,
However, bentonite grout was not as successful as we had hoped.

MAJOR SMITH: The Tennessee Valley Authority made very extensive
studies to consolidate materials underlying their dikes and were
not successful., Sheet piling was finally adopted.

MR, FAHLQUIST: We are starting a field experiment using benton-
ite in grouting a circular grout pit. We will gladly furnish
results,

MR. BROWN: On the Grand Coulee Dam they used bentonite for
grouting a leaking cofferdam. The Bureau of Reclamation has in-
formation available., It was published in the Engineering News
Record.

MR. BUCHANAN: Two instances have come to our attentlon where the
use of bentonite for sealing test pits has been unsuccessful.
However, no attention was given to preliminary tests for the de-
termination of the optimum concentration of the material used.
The optimun concentration of grout for & definite material must
be determined in the laboratory or experimented with in the field
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before satisfactory results can be obtained, There are many
different kinds of this material on the market, which are ob=-
tained from. varicus depesits, some of which are in Alabama and
North Missisgippi. Some of these materials are unsatisfactory.
The material vwhich we have used is from a deposit of pure ben-
tonite, existing in Wyoming. I% may be obtained in any form,
ranging from dust that would pass a 200 mesh sieve %o a size
which appears much like sand, It may be purchased in sacks, 100
lbs. size, or in bulk directly from the mine, to be crushed on
the job. The use of the granular form was found desirable in
that it mixes most readily with water. The grout mixture must
be used promptly after being mixed. Efforts to seal one of our:
test plts were unsuccessful, because the grout was mixed and
left to stand for approximately one week before being used. If
it is used promptly there apparently cceurs a delayed swelling,
and material seals itself in place.

COL, FLEMING: The Twin City Sanitary District used bentonite
very successfully to seal construction joints in sewers driven
through sand stones. The results of thelr work ars available if
nesded and St. Paul will get them.

DR. RUTLEDGE: In the setting up of bentonite the rate of action
can be controlled by the addition of potassium salt, securing any
rate you want.

CAPT, STRATTON: We are now ready bto discuss specific proposals
on Item C (4) (b) on page 5.

MR. SINOUR: I recommend that the present experiments be continued
by the agencies now performing them and that their results be
made generally available through some central agency.

MR. PHILIPPE: I recommend that the method of grouting developed
by Mr, Hartman be further developed, using the grout pipe which
ig jetted on one surface and forcing the grout through these jets.

* ok ok %

CAPT. STRAPTON: We will proceed to Item D, "Stress Distribution
and Settiement of Fubankments and Foundations" for general dis-
cussion,

D. - STRESS DISTRIRUTION AND SETTLEMENT OF EMBANKMENTS AND
FOUNDATIONS.

Purpose: The investigation of this (the first phase of
the design problem as given under Item A) fundamental de-
sign problem provides an approach to an understanding

of the forces to which embankments and formations are
subject.
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Scope: Field observations on existing structures, lab-
oratory observations on models, research on theory of
stress distribution.

Note: The stress distribution within earth dams
and their foundations is a very complicated problem and
among others dependent on the relation between the
stress~strain characteristics of the materials in the dam
and in the foundation. Depending on this relation, the
stress distribubtion may be widely different in structures
which otherwise resemble each other closely.

Procedure: Careful observation of both the horigontal
and vertical movements of various points of the base of
the dam, its sides and the crest, together with direct
pressure measurements by reliable pressure cells, Com—
parison of observed data with the results of theoretical
studies,

MR, PHILIPPE: In studying the movements of Clendening Dam, we
were handicapped because there was no method to determine internal
stresses, We, therefore, recommend that accurate pressure cells be
developed. I have started work along this line and have developed
2 ¢cell which may or may not be successful., There should be some
method of measuring pressures but uwntil we do find methods we must
take personal opinions for our stress distributions.

CAPT, STRATTON: The conferees covered this subject pretty gener-
ally while at Harvard, Perhaps that discussion obviates the necess~
ity of preolonging it here,

DR, CASAGRANDE: There is another way to approach this problem if
pressure cells fail., Assuning that we know the stress—strain rela=-
tionships of the materials in the embankment and its foundation, we
could determine approximetely the stress distribution from measure-
ments of the movement of a number of points within the embankment,
particularly along the base,

MR, BUCHANAN: Observations like those outlined by Dr., Casagrande
were once attempted. Plates were placed in a boring on the center-
line of a structure and were imbedded at the top, middle and bottom
of the wvariocus cohesive strata encountered. Zach plate was connect=-
ed by e heavy wire to a counter-weight lccated on the top of the
structure, It was planned to determine the deformation of the.
plates by observations of the displacement of the wires at the sur-
face, thus determining the differential settlement within the
foundation medium,

MR, HOUGH: I believe that the scope is limited too much. The scope
indicates that we have perhaps gone too far with thecreticel studies
and should now place emphasis on field work, Further development

of theoretical study should not be excluded.
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CAPT. STRATTON: I% is not our intention in preparing this agenda
that study be limited to field cbservatiocns only.

MR, JERVIS: There are many locaticns where soft, ylelding founda-
tions exist and where such verification by field models should be
made. The stress distribubtion by measuring strain would have to
ve computed,

MR, BLOOR: We hope tc make some observabions of this sort on the
Zanesville dams. We are also engaged in the design of flood walls,
We have made photo—elastic tests of foundations for stress—strain
characteristics. We intend to work on this problem if we can get
the necessary approval.

MR. HARTHMAN: This problem should not be assigned tc any one dis-
trict or any one men, at least not until we have a better idea of
what we want to find out,

MR. MIDDLEBROCKS: We might get an expression of opinion from Dr,
Casagrande and Dr. Gilboy %o find out more abnout this stress distri-
bution and the settlement of foundations and embankments. We can
develop more on the apparatus we have now than on that we had in
1931 and 1932, We also need to get that stress distribution from
pressure cells., I do not think we should wait to put in the hydro~-
static pressure cells until we develop the earth pressure cells,

We would like tc see & minimum amount of installations in all
structures. Whether the new apparatus would zive us a complete
Ficture or net I do not know. It would be better to have a partial
one than none at all. In otvher words, if we zo on the suggestion
that Dr, Casagrande made, we know we can make up some apparatus
that would give us the differential distribution, Some other
apparatus would give us hydrostatic pressure. We need only know
the hydrostatic pressure that exists from flowing water through it,
but, as brought up in the discussion the first two days, we need
the hydrostatic pressure to get the hydrostatic excess in place in
the foundation. I think those problens we can attack right away
without waiting for the development of earth pressure cells,

* % k¥

CAPT. STRATTON: Anything further under Item D? If not, we will
proceed to discussion of Item E "Stability of Embankments and Foun-
dationsh,

B, ~ STABILITY CF EMBAWKMEINTS AND FOUNDATICHS,

Purpose: To verify predicted behavior of embankments
by theoretical studies and test embankments.

Scope! TField study by means of test embankments of
scant dimenslon and radical design to provide direct
evidence of the accuracy of the behavior predicted by
the accepted analyses of design.
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Procedure: Construction of test embankments of scant
dimension arnd radical design and study of their be~-
havior by observation of settlement, seepage, ete,
These embankments should be analyzed for stability by
accepted design methods and the test results checked
against their predicted behavior.

Note: These same test embankments can be used
for observation for settlement, deformation, pressure
distribution and seepage,

DR. GILBOY: This proposed scheme of studying the stability of en—
bankments by means of test embankments of radical design has arisen
out of certain questions concerning the validity of methods which
we already have beern using without thinking too clesely of their
applicability and their relation with what actually happens when an
embankment falls, 1 spoke about that in the Fridesy discussion at
Harvard, pointing out that there has been very little information
collected and digested on embankments of non-homogenecus sections
particularly those which do not conform to the Swedish Circular
Method. The idea of this program of study was to try to get some
such information by building embankments we expected to fail and
then finding out whether they did fail in accordance with the design.
In other words, we would use the best methods of analysis we could
develop, including the Swedish Method, and then build embankments
of such size, both as to height and slope, that they would fail,
We covld find out from the acticn of the embankment whether the de-
sign was anywhere near the truth, and we could alsc determine the
nature of the failure. I also mentioned in that discussion that we
have to look out for places where it would be convenient and econ-
omical to perform such tests, Some dam sites are not adapted and
some materizls are not adapted to those tests, It is a question of
finding a district which is interested in this particular problem
and selecting a site or several sites where such tesis could be
made without too much difficulty. I would like expressions of
opinions from the various districts as to thelr particular ideas on
that subject.

MR, SENOUR: ©Could these investigations be made upon structures
wiiich have failed by accident rather than by design?

DR, GILBOY: Yes, assuning a sufficient number of structures have
failed or will fail in the coming years to investigate without
building any new ones,

MR, TORPEN: An excellent opportunity to dc this would be in a coffer-
dam. TUnwater the area and have water on the outside and eventually
you are going to flood the area. The upstream face of the earth

£ill mey be built at one or two different slopes, the downstrean

at a small slope for safety during construction. Then you can
readily remove the downstream slope up to a point where failure
occurs, Meanwhile, you can watch it and take readings.,
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ME. CROSBY: I believe it is desirable to emphasize the relation
of geology ond the necessity of cooperation between the two
sciences in the study of yielding fsrundations., We need accurate
detailed knowledge of wdergromwnd conditions, otherwise the best
studies will be misleading, We should particularly lcok for the
irregularities, In beds of soft material there 1s the possible
presence of lenses of clay and the best way to d etermine thelr
presence or at legst be warned of the likelihood of thelr pres—
ence, is by a very thorough, careful geological investigation,
When that has been done, the soll mechanics studies can be
applied to the interpretation of wnderground conditions. When
the consolidation tests are applied to clay, in making sebtlement
estimates, allowance nust be made for drainage effects. Fallure
to recognize these effects may lead to serious consequences, In
places where it is so complicated that you cannot be sure of loca-
tion of these, the geologist can at least point out their likeli-
hood and what the worst condition is so you can provide for that
vorst condition even if you cannot get the exact condition.

MR, SLICHTER: WAt the Marshall Creek Dam it is planned during the
foundation excavation to make & further study of the soils which
were disturbed at the time of the failure of the dam, Some infor-
mation on slip planes or patterns of plastic failure may be ob-
tained.

MR, WELLS: I would like to ask Dr. Gilboy if we could not get
the same information from nodel studies,

DR, GILBOY: You cen if you make the models large enough. Alnmost
any cohasive material will stand vertically for a height of six
feet or more, and this is getting somewnat out of the range of the
laboratory.

MR, MIDDLEBROOKS: I think there might be one difficulty. All the
nmaterial in the gzone of failure has been disturbed considerably.
If the zone of failure is not well defined, it is very cifficult
to get true samples. After careful measurement, the zone of fail-
ure is usually found below the one shewn by analysis at time of
failure, This indicates that the matsrizl had been considerably
disturbed. It would be rmuch better to have a small test section
and install different equipment to determine the plane of failure,
We couwld work sut & scheme on a small scale model and then conduct
a field test. The best location for this test work would be a
place where levees are pronosed. If you could make a workable
levee out of the test section you could incorporate it into the
new levee., You could not only test for stability of foundation
but also for seepage and effectiveness of drains in that section
without putting it into the main levee section where there would
be objections %o experimenting on the same line. I would like to
see that considered if you can find a leocation.
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MR. PHILIPRE: I know of several locations, = and there are
numerous others,- where there have already been fajilures, These
are logical places to pubt in test sections. There has been a
failure, we suspect how the failure occurred, let's try to re—
produce it.

COL, PARK: I should like to offer all kinds of rivers, canyons,
80ils of all verietlies, impervious and pervious. We shall be
glad to help out the Vicksburg laboratory and furnish sites for
full-scale dams, earth dams particularly.

ME. MEARA: In the Baltimore District there is no question of
suitable foundation condiftions or materials for dams. This
would be a good site %0 build a dam where we are entirely con-—
cerned with the stability of slopes under the section proposed,
I suggest that we build a test section at York, Pennsylvania,

vhere conditions are entirely satisfactory,

LT, DAVIS: We are most willing to cooperate with the Mobile
District in every way and take advantage of your offer for field
verification,

CAPT, KRAMER: Testing structures to destruction is scientifically
the way to get at their inherent characteristics and behaviour,
but since such tests involve considerable expense and since one
test does not prove anything conclusively, you cannct blindly step
ocut into a large program of big test dams. Ve have bullt one at
Conchas costing seven or elght thousand dollars, about eighteen

to twenty feet high. When you get all through with that sort of
test you haven't tested anything homogeneous like a steel beam

but a structure with a great many variables., It is difficult to
control these variables and find out just what was the causs of
failure. 1 see no justification for spending thousands of dollars
in large scales research that may produce practically nothing in
worthwhile results,

* ok 0% ]

CAPT, STRATTON: Before adjourning today's session, I would like
to get the reactions of our consultants and guests on the pro-
ceedings and problems presentsd today.

PROF. TAYLOR: Of the research problems which have been mentioned
today one of outstanding interest is that of fiiters. The answer
to this problem is the description of materials wherein the size
of the void openings are such that washing through of the smallest
particles of a given, adjacent, finer layer camnot occur. I have
been impressed by the large number of practical soil problems in
which the question of filters enters. Projects have been planned
for studies on this subject and today's discussion has shown a
great deal of interest in such work. Therefore we can hope for
good progress in the development of this important subject.

® % ok %
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PROF. RUTLEDGE: It is very desirable to begin a fact-finding
“survey to determine what has been done in each case, on the ocub—~
gside, and in all the various distriects. A very important function
of this conference should be to advise the establishment of some
means of disseminating the results of investigations in order to
avoid useless duplication, However, duplication is sometimes
advisable in resezrch, advisable anong various laboratories and
various operators within the same laboratory. In regard to ob-
servations of scepage or detérmining the seepage forces and the
gquantity of water flowing through dems, I have received a nusber
of comments from the various districts on types of equipment in
use and experiments which they conducted., The Waterways Experi-
ment Station has found sone tynes not advisable, while other dis-
tricts are putting them in and expectiing them to work,-

& ® * *
PROF, RUGE: I am here as & lobbyist for the earthguake industry
and should like to speak of one or two points., We are, of course,
impressed by hearing how many dams are going up all over the
United States, both earth and concrete, In another generation it
will look as if we have twrned into a nation of beavers,

Now we are building dams all over the United States, in
sections where there isn't ruch or any dem history from the stand-
point of earthquskes. That is a most important point we might
lose sight of, The second point is that you are building deams
with a longevity of several generations, and designing for two
hundred or three hundred year floods, What are you doing about
the earthquake problem? TYou say the chances are we will never
have one. The chances are you will have a two hundred year carth-
guzke just as certainly as a two hundred year flood. I speak not
only of the western part of the country, but also the eastern
part - you are all interested in the design of dams and important
embankments, If you will send to the U, 8. Coast and Geodetic
Survey and get some of their earthquake data you will find it very
enlightening. In 1755 Boston had what now woald be considered as
a very serious shock. At that time, the c¢ity was built on the
more solid parts of hills., There were no tall buildings and very
little sarth construction, but if that happened today it might
have serious consequences,

Third, as solil mechanics develops quantlt tively the natural
tendency is to shave off on design. That is the history of every
major development of design., What is going to happen as 1t be~
comes more quantitative? We are going to make our earth structures
as economical as we cin, That should mean that we consider more
and more features in design as we go along. As we reach the stage
where we are building quantitatively I believe it is definitely
dangerous to neglsct consideration of sarthquakes. You probably
cen divide the problem into two important phases from the soil
standpoint, One is when we have a soil which is not completely
stable, a grain structure which might be shaken down by rather
quick vibration., That is a phase of the picture we must always
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watch for. The other is entirely a differert phase in which

you consider that the gravity begins to swing around, while its
length may vary as much as 20 or even 50 percent. It raises a
guestion as to the location of the true failure planes. We want
to realize there are other things besides the cohesive and shear-
ing strength of s5il entering into the problem of stability,

GAPT. DEAN: The major research program such as we are discuss—
ing costs much money and takes much time. My advice is, to be-
gin where the other fellow left off, find out what he did, how

he reasoned, what he concluded, and what other people thought

about his work and his conclusions. We should make the maximum
use of all data that has been gathered together, This frequently
requires new observations to fill out missing links and essential
data left out of reports. Sometimes these missing links are
available at the source. Sometimes they can still be obtained
from new observations where conditions have not changed in essen-
tial details. Frequently, calibration of old equipment by modern
equipment is possible. Don't discerd or reject old data taken at
great expense and great pains Dy an intelligent person even though
he didn't possess present knowledge and equipment, It is easy to
start from scratch and make a good showing if you dismiss all old
data. It is hard to take 2 mass of these old data and bring them
to a common properly weighed basis., It regquires thought and a
keen understanding of the other fellow's problem for such a study. .
It all takes time and more intelligence and mental fatigue and
doesn't meke as zood a.showing, but it will give more real progress
at first, We should have & new research program using existing
structures where we can as a basis for further experimentation for
structures that will be built, or are being built, instead of
building large special test structures. This again reguires
thought to get proper control and not have too meny variehles,

By careful selection of sites and by moving the experiments to the
site, instead of creating 2ll the ideal sites artificially, better,
guicker and cheaper resulits may often be obtained. Regardless

of the technical merits of such an approach, as a practical point
of human affairs a long~time pure research program will never

get extensive long-time financial support., You must expect to

get it as a by-product of practical research justified by major
projects existing now. A research job for a current construciion
job can afford, if a man will chisel out of thet money, some money
to further pure research, That is the way money for pure ressarch
will come, It has come and will come in this way from Govern-
mental agencies or from some blg endowment from a private individual.

% % ok %k

June 21, 1938
Morning Session

C4PT, STRATTON: We will begin the discussion with Item P, Design
of Dams and Embankments,
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F, DESIGN OF DAMS AND EMBANKMENTS.

General discussion at the conference on the separate phases§

(a). Degign of dame and embsnkments from the standpoint
of seepage.

(b). Design of dams and embankments in relation to the
stress-strain characteristics of dam and embankment
materials,

(¢}, Design of dems and embankments in relation to the
stress—-gtrain charactseristics of foundations.

IR. RUGE: T believe it was General Tyler's feeling that this is

the proper time to bring the earthquake gquestion to a head before
the group, Perhaps I can best begin by saying that on Sunday, I
spent all day teking measurements with a microscope and when I got
outside on the street I could hardly see the signs on the street
cars, There is an object lesson in that. If you people don't

watch out youw will do so much microscope work on your soil mechanics
that you are not going t¢ see the blg signs there. The earth-
quakes are a big sign when you are talking about failure of struc-
tures and destruction of humen life,

There is coming a time when some of your districts are going
tc be very seriously shaken, It may be in the East just as well
as in the West, Some of us, of course, won't live to see it, but
others will. If some of these structures go cut, it will be a
very embarrassing situstion for the Army Engineer Corps., 1 am ~
most concerned with the fact that we try to hide our ignorance
of this problem to a certain extent. In some of your dams you
have employed certain rule-of-thumb methods for earthquake design.
These rules—of-thumb come from Japanese experience and are based
entirely on the destruction of buildings, In soils structures
you can't jump from what is observed in the case of buildings into
the design of dams or other concrete structures and feel sure that
you are on the gafe side,

There are several things %o be investigated profitably in
connection with soil machsnics research. Those of us who are en-
gaged in sarthqueke research cannot at the same time do soil
mechanics research, There are only a few of us in the United
States working in this field full time. Naturally, we try to en-
gage the cooperation and advice of every organization in the
country, The Army Engineer Corps is most favorably situated to
study and look inte the effect of earthguakes on soils structures
and concrete structures resting on soil, I should like to suggest
that some of your districts look into several of the important
features of soll mechanics as it pertains to engineering seismol-
0&y. One of these features is the design of slopes and embank-
ments and also dams against slow variations in gravity, its dir-
ection and intensity. The problem is a large one. It involves
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studying what happens when gravity does not point straight downs
I am here trying to counsel not to lock into the microscepe too
much, Let us broaden our knowledge a little bit and admit we
don't know what to do sbout this problem, Let!s not shut our
eyes to it. The second feature concerns the dynamic strength
properties of soils. We talk a lot about stress—strain characs
teristics and cohesion., What sort of mechanical properties have
these soils when the loads are transient? Suppose we are dealw
ing with loads that hre on and off quickly. I think it is very
important to know something about the c¢ohesive and shearing
strengths (the "effective" strengths) under transient loadings,
about which there is almost nothing known. 7Third; what are the
elastic properties of the verious soils under dynamic loadings?
Very incomplete knowledge has been gained on this. Many soils,
particularly the cohesionless seoils, exhibit very elastic dynamic
properties,

The fourth and perhaps most Qifficult part of the problem
is, what water pressures are involved due to sarthquakes? There
are some theoretical bases, 1f you want to make encugh assump-
tions, to Tell you what these water pressures might be. What the
water pressures are in an actual earthqueke is unknown. In your
designs, %o a large extent, you attempt to moke them as gquanti-
tative as possible, and yet, in a large measure, we deliberately
shut our eyes to features which may be of almost equal importance
to those we are worrying so much about, I don't want to minimize
the importance of soils research studies, but you should maintain
the proper perspective and not become too much absorbed with some
of the less important details without first weighing the problem
as a whole,

MR, PHILIPPE: We have considered the earthquake problem in con=
crete dams but we have not thought about it seriously in soils
structures. We have built photo-«sglastic models of embankments
loaded with water and get them through.gyrations which probably
have no connection with an original earthquake. Considerable dise
turbance occurred but we concluded that these disturbances would
be taken care of by the factor of safety. Is this a possible line
of attack?

DR, FUGE: I doubt it very much, The easiest problem for us to
attack is the concrete gravity-type dam. Although a little cut=-
gide soil mechanics, it is undoubtedly the most amenable to labore
atory analysis, We should have the same problem in trying to deal
with models of earth structures as you people have, plus the
difficulty of making a dynamically similar design for an earth
model,

CAPTAIN KRAMER: Despite Dr. Ruge's authoritative statement that
earthquakes are likely to occur anyplace in the Fast as well as
the West, I have a reasonable doubt as to what the effect of an
earthquake would be on a properly constructed garth structure of
cohesive material, Any concrete gravity structure is subject to
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overturning or sliding failure, from & combination of foreces, all
of which are susceptible of analysis. Analytically, such a sfruc-
ture, is designed tec be safe by simple mechanics. An earth struc~
ture, however, by any analysis that can be made as Lo static sta-
bility,~ ( I am not referring to the cohesiveness or shearing of
the material but to sliding or overturning), is so far beyond any
reasonable factor of safety structurally, as compared with a build-
ing, or a concrete dam, that I don't see where the suspicion of
doubt as regards earthquakes enters into the structural stabilify
of a conventional earth dam, unless you can say that the earthguake
changes the behavicr of the mabterial, If it does, we are just out
of luck. An earth section, to repeat, is inherently stable because
it is designed against seepage and shear, so that as far as the
mechanical application of simple mechanics is concerned, it is

safe to say that none of them are subject to overturning or sliding
on the base.

MR. JAKOBSEN: We have, in southern California, an earth fill dam
which was damaged by earthquake. We have pictures and a descrip—
tion of it. There are several large earth dam projects in our
District so the Division office employed Dr. Heiland, Professor of
Geophysics at the Colorado School of Mines and President of the
Heiland Research Corp., Denver, Colorade, to meke an investigation
of the earthquake danger to the Hansen Dam, It is strictly a pro-
blem of Qynamics. I have just examined the report very briefiy,
but suggest that anyone interested get in touch with the Division
Engineer,

MR. CUMMINS: Eas Dr. Ruge any informetion on the history of carth-
quekes on Japanese dams? There are a good many dams in Jeapan thab
are built of cohesionless materials, There should be some informa-
tion available on the effect of earthquekes on these dams.

DR. RUGE: I do not recall any informaiion on dams in the 1923
earthguake. Mr. Crosby night be able to tell you about it. I

might refer anybody who is interested to Freeman's book on earth-—
quakes, & valuable compendium of general informaticn. The main
point I meant to bring out yesterday is that we are building earth
dams in sections of the country where there is no earthquake history
with respect to dams to serve as a gulde to Jjudgment.

MR, CROSBY: If snyone is interested, he should get papers from

the Santa Clara Water Ponservation Committee in San Jose, California.
They built earth dams, some of them very large cnes, and made pro-
vigions for earthqueke stresses which occurred right under one of
these dems, They made a definite study which would be interesting
to anyone studying earthquake stresses in dams,

CAPT, EKRAMER: Granting that you are going to allow for earthqueke
stresses, Jjust how do you modify the design of an earth structure
for the earthguake phenomena?
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DR. CaSAGRAKDE: A study of the effect of earthquakes on earth
dams requires first of all a thorough knowledge of the s¢il pro-
perties. It 1s hopeless to attempt to analyze the effect of
dynamic forces on a masg of soil if we are not even able to de-
termine with sufficient accuracy the effect of static foreces,

When transient loads are placed on soils, we do kncow that
cohesionless and cohesive soils behave differently. A dense co-
hesionless soil will %tend to expand and if the voids are filled
with water, additional effective stresses are set up in the dam
which increase its shearing resistance. The dam secems to be
bracing itself against such forces which tend to destroy it., On
the other hand, a locse fine sand will tend to reduce its volume
under the effect of a disturbance znd since the excess water
canncot drain sufficiently fast from the pores, the watesr will
carry a portion of the stresses, thereby reducing the shearing re-
sistance of the mass. A serious slump of the entire mass and, in
the worst case, a flow slide may result, I believe that if we
place a cohesionless material in an embankment well below the
critical porosity, earthquakes cannot destroy such an embankment,
As to the distinctly cchesive soils, so far we have no evidence
that transient loads can produce failure of an embankment, if it
is able to withstand the permanent static forces.

DR. GILBOY: We haven't made any concerted attempt to study this
problem but Dr. Casagrande's remarks are very much to the point,

We can say this, that the dams that we plan to design and build
will be handled according to the best methods available at the
time, The best methods of compaction, in the case of cohesionless
materials, will result in a dam below the critical density so

thet earthqua¥Xess won't affect it. In the case of hydraunlic fills
there is a dangsr that due to earthquekes the transition zone be-
tween the core and shell, which consists of fine material rather
uniform and fairly well segregated in places, may, although stable
under normal circumstances, exert a fluid pressure., That is one
reason why a hydraulic £ill dam should be designed to resist full
fluid pressure from the core. The design method I developed was

an epproximation in the sense that if the dam was stable with full
hydrostatic pressure from the core and the core then consolidated,
the design would be on the sife side. With a rapidly consolidating
core we are perhaps too much ok the safe side. We will have to de-
velop some scheme to determine how hydrostatic pressure could be
reduced during construction, knowing the weight of the core mater-
ial, and its consclidation characteristics. If we could reduce it
to 50 or 75% of full hydrostatic pressure the section could be
correspondingly steeper. 1In view of the possibility that the loose
cohesionless material around the edge of the core may become almost
liguid I don't think we ocught to be less conservative in hydraunlic
fills then to design for full hydrostatic pressure. If we do that,
both the rolled fill and hydraulic fill will have sufficient addi-
tional factors of safety to take care of earthgueke pressures. I
would like to know more about the nature of changes of gravity
forces in direction and pressure. I think we might well collect in-
formation on that point.

G~39



MR, SENOUR: Dr. Gilboy has specifically recommended that in the
design of hydraulic fill dams we consider the cores to act as a
fluid. Is there 2 consensus of expert opinion on these various
points?

MR, JAKOBSEN: Dr. Heiland concluded that no earth dam could be
affected by earthquakes unless in resonsnce with the earthquake
vibrations. Tests have been carried out in detail in connection
with the Hansen Dam. The safety does not depend upon the base
width when the dam has a triangular section, but upon height,
density and elasticity., The only thing we can change is the
height, Dr. Heiland has gone into the subject very thoroughly.

I think this is the first time an earth dam has been treated from
a dynamic standpoint.

DR. GILBOY: There seems t0 be two different aspects to that pro-
blem. We can treat the dam as a single mass and study the reson-
ant effects; but in addition, with a loosely deposited fill we
must recognize that there is a tendency toward compaction when
displacements occur,

MR, JAKOBSEN: But the displacements are very small,
DR, GILBOY: That is all you need. I certainly would be afraid
of any displacements whatevasr, in the case of a loosely-deposited

hydrovlic £i11,

MR, JAKOBSEN: The danger is from resonance occurring very
suddenly.,

DR. GILBOY: The worst condition where resonance cccurs would be
in the case of loosely deposited fill where there is enough vi-
bratory force in that material to cause displacement,

MR, JAKOBSEN: Assume a properly constructed dam.
DR. GILBOY: A hydraulic fill dam is properly constructed pro-
vided you meke enough allowance in the shell to resist full

hydraulic pressure,

MR, JAKOBSEN: Is there any record of eny hydraulic fill dam
having been damaged by earthguekes?

DR, GILBCY: ©None that I know of. It all comes back to the point
that if we are going to meke our designs more and more quanii-
tative so that we use less and less material in the section, then
we have to watch for the possivility of dynemic forces producing
any effects that we have neot anticipated. So if we are trying to
work out a scheme of hydraulic fill dams with less than full
hydrostatic pressure against the shoulder, we are going too far
along the line we have been warned against.
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MR. JAKOBSEN: Dr. Heiland concludsd that the dam was in less
danger if the reservoir was full,

DE. CASAGRANDE: I agree with Dr. Gilboy that hydrauvliic fill
dams, &s they have been bullt in the past, should be designed for
- full liquid pressure of the core., However, it is possible to
build hydraulic fill cores in such a manner that fuwll liquid
pressure camot develop. We could compact the fineegrained
beach material by means of vibration machines and the core mater-—
ial by mesns of internal vibrators which are pushed up and down,
thus preventing the core material from forming a very loose
structure.

MR, SENOUR: If you use full liguid pressure, should you use a
factor of safety of one and one-half in addition?

DR. GILBOY: I have investignted several hydraulic £ill dams
which have a factor of safety ranging from 1il %o 1.2. In the
Cobble Mountain Dam is a section which, from the standpoint of
experience and judgment, appears to have a high factor of safety
due to tremendous rock fills at the toss., Yet, when figured on
the basis of full hydrostatic pressure, the factor is about 1.3,
This is about the highest factor I have seen. When you have a
factor of safety of 1.2 against the full hydraulic pressure you
have taken care of practically everything that can possibly
happen., You have made allowance for the possibility of displace~
ments and the tendency to flow-slides due to vibrations.

CAPTAIN STRATTON: I take it as a consensus that hydraulic fill
dams should be designed for full liquid pressure in the core,
subject to modification by our consuliants,

MR, MIDDLEBROOKS: The safety factor depends upon the type of
material. You are assuming that all material in the hydraulic
£ill is above critical density.

DR. GILBOY: In a dam like those in Miami Conservancy District
which have in the core a large percentage, perhaps 40%, of clay,
the core material even though partially consclidated develops a
high shearing strength. I am not worrying about that stuff being
broken up by transient loads. Between the center part and the
coarser materisl which also is stable, there is a transition

zone which consists of fine sand, That is what I am worrying
about. '

MR, MIDDLEBROOKS: If it is dense enough it could have no effect
upon it,

MR. PHIDLIPPE: I would like to ask Dr. Gilboy if the Miami dams
were included azmong the dams of which he has computed the factor
of safety. Those dams have been subjected to minor earthquakes,
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MR, TORPEN: An earth fill dam constructed for absolufe safety in
regard to stebility, seepage, sete., has ample proporticns in
general, We expect to have sarthquekes everywhere dbut of various
intensities. I belleve the normal earthquake would not do & great
deal of harn to ordinary earth £ill dams. A -dam with hydraulic
core should be designed for full liquid pressure of the core, bdbut
to add additional safety factor at this point sesms guestionable
beczuse by the time the dam is constructed the cors begins to
consolidate and will have enongh firmness for earthquake shocks,
Bsfore the dam is fully counstructed, no great harm can happen be-~
cause there is no water behind it, The worst thing that could
happern would be damage to the fill itself., For additional slope
you wouldn't put a 20:1 slope on 1t and you wouldn't expect one
of 10:1 to help it sny., It seems questionable whether we will
make much change in the shape of dems for earthquakes., We might
get an earthguake in some sections where we would have an offset
of 6 to 10 feet in terrain, Tou don't expect to design dams for
safety agzainst such a catastrophe. For the normal sarthquake

or guiver very little need be done to dams as designed now for
safety.

MR, HOUGH: Assuming we find out how to make dems steble against
earthquakes, does Dr., Ruge advise increasing the free board of
such dams especially if they have permanent reservoirs to provide
ageinst unusual wave actlion during an earthguake.

DR, RUGE: Just what is a "normal® earthquske? I could shoke the
Empire State Building down with an earthquake yosu would not be
aware of on the ground. As to the question of wave action, the
tyoe of earthqueke to produce disastrous waves depends upon the
depth and shope of the backwater and possibly upon the very shope
of the dam itself. I should like tc see some shaklng table work
done on wave action because I believe 1t is important and because
we don't know anything about it,

MR. SENOUR: How do you design the slope of a dam which has an
impervious core and cohegionless shell? There is some disparage-
ment of the Swedish theory. What is the established practice?

- DR, CASAGRANDE: A dam of ideal design will contain as much co=
hesinnless material as possible and as little cohesive material
ags is absolutely necessary to reduce the scepage to a tolersble
encunt., When using a plastic clay for the core, even one foot in
thickness, built up between forms, would be sufficient. In all
ceses when the core is relatively narrow and steep, and the support-
ing structural sections on both sides consist almost entirely of
cohesionless soils, the stability of the dam can be analyzed like
any embankment consisting of cohesionless goil, If the material
is compacted below the critical porosity, any slope flatter than
the engle of repose will be safe, Hven a slope of one on one and
one~nalf should be entirely safe. In comparison a dam consisting
almost entirely »f clay might require a slope of one on five, or
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even flatter, to possess the same degree of safety. In such cases
analysis by the Swedish method of cylindrical sliding surfaces
should be used, combined with a thorough study of the shearing
strength of the soil which will be effective under the worst
possible condition,

DR. GILBCY: I might add that that design method assumes that the
foundations are strong enough to carry the dam., If we have plas-
tic foundations we may have to spread the loads. It alsoc assumes
that we have adequate drazinage systems. One of the most important
things of all is to be sure that the downstream shell is always
well drained and that the upstream shell is drained near the
slope 8o that sudden drawdowm will not affect stability, and that
it will not wash out due to water seeping through it. With those
qualifications provided for, then the design method is perfecily
sound. I agree with Dr. Casagrande that lots of cur dams could
be made to conform to those qualifications, and that meny dams
have been designed on far too conservative a basis,

MR, HOUGH: I suggest that under this topic of design of dams and
embankments, we include consideration of earthquake stresses as
discussed by Dr. Ruge. 1 reconmend research on the design of dams
and embankments to resist earthquake shock.

Mr. PHILIPPE: Dr, Casagrande points cut that with very limited
cores ond large cohesionless shells, we have safe designs pro-
vided such dams are constructed corrsctly. On the other hand, if
cores become so large zs to be the dam, then the Swedish method
applies. Most structures are in between, what do you do about
these?

DR, CASAGRANDE: In soil mechanics there are many problems which
we camot sclve with our present knowledge. We, tharefore, change
the assumptions so that o golubtion becomes possible and stlll the
result will definitely be on the safe side. In the case just men-—
tioned by Mr. Philippe, one may assume that there is scmewhat more
clay in the dam to make the applicatisn of the Swedish method
possible. I believe that in most cases a combination of the
Swedish method and of Dr. Gilboy'!s method for analyzing the shear~
ing resistance of the chell of hydrawlic fill dems can be worked
oub,

DR, GIIBOY: That was the basis for the investigations in the
Binghanton District which have not been completed because we
bogged down on some assumptions. We dropped the matter because
the assumptions in question made little difference in that parti-
cular dam design, and everybody was satisfied. We hope eventually
To take these studies up again and carry them tn their logical
conclusions., If we take any cylindrical surface through the im-
pervious core that mass would be stable under the action of
cohesion and friction along that surface, plus the restriction of
the shell material, which is an additional force to be introduced.
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That additional force is estimated by the same scheme as for
hydraulic £ill shells. With a relatively small amount of addi-
tional study we can develop something a great deal more reliable
than anything we have at present,

MR, PHILIPPE: I kumow many people who effectively use the methods
of elasticity and plasticity in design of dams., Another line of
attack is the photo-elastic method. I have found from experience
that the photo-elastic method gives reasonable results. I should
like to ask the consultants what their main objections are to
that method.

DR. CASAGRANDE: My prineipal objection is that in the stability
analysis of soils we do not deal with elastic materials, When
designing earth dams for safety against fallure, we allow stresses
which go far beyond what mey be called the elastic limit of the
soils. Therefore, the photo-elastic method can yield only a very
approximate picture of the stresses which will develop within an
embankment and its foundation., It is a helpful additional method
to determine one of the limits of the range in which the actual
conditions will fall, and which should be used to supplement other
methods, However, I would never use it as the only approach tn the
problenm,

DR. GILBOY: I have no objection to the photo-elastic method., It
is a perfectly good way of findin@z out something about stress dis-
tribution, particularly at the junction of the dam and foundation
where the stresses are of a very complicated nature. The only
question in my mind 1s whether the material we uge in these
studies conforms to the physical properties of the soil we are
using in the dam and in the foundation. The photo-elastic method
can give us very good indications, but I think it ought to be
supplemented and checked by other msthods as well,

MR, CUMMINS: At Fort Peck we went into the photo-elastic method
of analysis quite extensively. It took us quite a while to develop
our technigue. In sur test models we obtained definite checks on
mathematical methods. In practically all of ouwr models, at points
where we could determine nathematically the stress values, the
values obtained from the models checked very closely, within a

few per cent, We made embaniment models with granular materials
and cohesive material, These were placed on a gelatin foundation
and in most cases, ylelded very satisfactory results. Along the
lower boundary of the foundation layer, at the base of the model,
that is, at the so-called rigid boundary where we thought we could
obtain mathematically computed stresses that were fairly correct,
the photo~elastic stresses along the same location checked very
closely in every model.

DR, GILBOY: That still doesn't answer Dr. Casagrande's objection,
When you make these computations you meke assumptions of elasticity,
That is the basis of the computation. You then make a model test
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on gelatin, a more or less elastic material, and it is not sur«
prising that you get a check, you cught to. It doesn't answer
the objection that when the stresses ars so high that the elastic
theory no longer holds your gelatin models will not give you the
correct answer,

MR. MIDDLEBROCKS: How much of an approximation is it to assume
that the soils will act elastically? Is that approximation
closer then all the spproximations we make in the slide analysis?
In the future I think we shall be &ble to further develop it, but
2t the present time the gelatin model supplemented by best mathe-
natics will give us a closer agreement than the clrcular slide
methed,

MR, PHILIPPE: In studying the movements at Clendening Dam, we

built gelatin models and treated tham photo-elastically. By

slowly heating the models we were able to reproduce the failure

that had occurred in the dem, Curiously, the movements on the

model checked with those which we had previously observed on the

dam, even to the effect of consolidation., The stresses determined
from the photo-elastic rodel, cormpared with the shearing strengths
of the soils as determined by the direct shear method, gave the
factors of safety indicating failure, and yet you say photo-

elastic models are not acceptable, This is evidence to the contrary.

MR, CUMMINS: We analyzed the closure slopes of our dam and the
results of our stress amalyses checked excellently the results

of the model tests. The cowputations indicated that the factor

of safety was ample at a point where a minor slide actually occurred,
The photo-elastic model, however, indicated this point. I think

all the evidence indicates that the photo-elastic method can be
developed until it is fully as reliable as any of the rest,

MR, SENCUR: May I ask if these slides were alsc investigated by
the circular method?

MR, PHILIPPE: Ours was. By the circular methed cur dam appeared
to be safe.

ME. BUCHANANW: We are concerned with structures and foundations.
A structure may be designed so as to be perfectly safe but if it
is placed on an unstable foundation 1t will fail., We should con-
sider whether it is a foundation failure or a structural failure,
Some might think that a structure when analyzed by one method and
found to be safe should not fail, and yet it may fail.

CAPTAIY STRATTON: There is one additional item of research, re-
garding the design of drainage systems, which was fully discussed
yesterday., Investigation would include the study of filters.

MR, HENSEN: The Little Rock District at the present time is con-
ducting tests on filters, The drainage system at two dams consists
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of perforated pipes 24 to 36 inches in diemeter, placed in a
filter bed at the down stream toe of the impervious section of
the embankment. It is absolutely essential that the filter be
designed so that the fines from the core or foundation will not
pass through the filters and clog up the pipe. Man-heles have
also been put in at intervals so that it will be possible to
clean the drain pipes,

MR, PHILIPPE: The Ohio River Division is designing levees which
take advantage of drainage, We, therefore, request that these
studies be extended to all reascnable degrees,

CAPTAIN STRATTON: I mjsht add that the Boston District is con=-
cerned with the design of filters and we propose continuing our
studies to encompass the scope as given here.

MR. CROSBY: I have a research problem that might be Saken up by
gome district; nemely, the plastic flow of weak rock. It is lowown
that even marble flows or deforns very slowly under very light
loads, loads well below the shearing strength. It is, however,

50 slow that it is not important with rocks as strong as marble,
Ites importance with very wesk rocks, such as soft uncemented
shales and unlaminated shales, is wninown. This could be studied
both by laboratory and fileld methods. In the laboratery a speci-
men of a wealk shale should be put under constant moderate load
well below the shearing strength and left there for months., You
can!t accelerate this or you will depreciate the resulis, Experi~.
ments I have made were noi conclusive, but indicate that results
can be obtained, Field observations on complete structures would
teke years but might give valuable results. We very much need
this informabicn to determine whether deformations in many of the
rocks are sufficient to be seriouns to structures upon them. If
you wait until the actual problem arises it would take too long

to carry out the work., Therefore it is very desirable that such
tests be begun upon suitable materials. In connection with artes-
ien agquifers, it is known that an increase in pressure tends to
squeeze water out of this material., This may have considerable to
do with the phenomena of sand beils. If you punp out water from
an ertesian aquifer there is a tendency towards settlement of the
surface. The practical importance of this is not known. It is an
interesting subject for a research problem. The third point I wish
to mention is in connectisn with the chemical properties of the
soil, A general study of the chemical properties is out of place
in this program. In the arid regions, however, there is a possi-
bility of having soils of soluble constituents. In some cases it
might be well to investigate the chemical stability of soils,

CAPTAIN STRATTON: These items are of very definite importance but
we will not discuss them unless someone cares to do so. Captain
Kramer has a sketch of a hydrostatic pressure indicator which has
been successful at Conchas Dam. This device was develeoped by the
Bureau of Reclemation, If anybody is interested they may talk to
Coptain Kramer., We will proceed with discussion of "Constmmction
Contrclh,
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G. CONSTEUCTION CONTROL.‘

General discussion at the conference.

COLONEL CUMNINGHAM: I understood this was a research program and
I object to the idea that research cannot be applied to the term
"eonstruetion control", Uy point of view is somevhat different,

We are certainly interested in the fact that design is followed
during construction., We have reached the construction stage and
we would like every possibility of advice, further experiments,

or further observations to insure that construction follows design.
It i1s for that purpose that the point was raised, Ve have to pub
your design into the specifications. The contractor has an in-
terest in this. The proper methods of control of construction must
allow a contractor reasonable progress, reasonzble non-interference
with progress, and if we interfere with that we must pay for it.
So, sterting from design and placing that design into plans and
specifications, we would like %o receive from the design the nec-
essary control of construction., We should be practical in rels-
tion to conbract work., It is the josb of design, to indicate what
that control should be. A simple, honely illustration -« I don't
think I should have to figure nut as District Engineer how meny
settlement hubs to put in, If there should be a difference in
foundation conditions, the design should tell us where, how many,
end what observations to make. That appears in the specifications
and in relations with the contractor. The best model that we have
of our construction is the dam itself. We ars building those and
are willing to use any sort of practical observations to assure us
by long-time observations what is taking place in the dam., If
there are any other means besides pressure cells by which to con=
tinue to take observations of undisturbed semples from any part of
the dam, that would be a proper subject of research. For those
reasons, we ralsed the point of field control,

CARTAIN KRAMER: I wish to discuss very briefly the procedure
followed at Conchas in rolled Till construction in the prewetting
of borrow plits. In the niddle west and sast, the standard proced-
ure is to add wabter on the fill when additioral moisture is reguired.
The Reclamation Bureau and other agencies in the southwest and west
follow the opposite procedure of prewetting the material in the
borrow pits. In Conchas we have followed the prewetiing procedure,
It is perfectly logical and simple. It permits the functioning of
equipment with much less grief and with much more accurate control
of the moisture in the enbamdment than iz ;:ssible by direct addi-
tion of moisture in the fill, The close moisture control is showm
by the fnllowing case. We were virtuwally without water for =mix
weeks during a recent drought, Ve had irrigated oub pits one or

two months in advance, giving the moisture an opportunity to per-
celate through before excavating the material. During that drought
weriod of six weeks, no weber whatever was 2dded to the borrow pits.
We had enough prewetted pits and the material was moist enough to
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permit close moisture control of the embankmeni. We were able

to continue operations during a drought pericd. This procedure
of prewetting borrow pits results in the very best construction
control and should be followed wherever local conditions permit,

CAPTAIN DEAN: Construction control and research for construc-
tion centrol are most vital to the Department. We are essentially
a construction agency. I wounld like to cite two or three matters
of construction control which were highly controversial in the
New Orleans District. We were constructing clay levees. The land
was soft and was covered with water so it was impossible %o use
nmachines which tracked. We used two types of floating equipment,
hydraulic and a long-boom clamshell. There are a great many
theories about constructing levees of clay. I have found that the
only clay to use in hydraulic construction was clay that came out
in good-sized balls of undisturbed material. In évery case you
wash off a leot of stuff in the course of dredging. The contractor
naturally always wants to retain fines, According to my theory,
you can get satisfactory results only if you make every conceiv-—
able effort to drain out all material that will wash off, just as
rapidly as possible, from clay balls piled up like coarse gravel,
The contractors argue that you should retain fines to help cement
the material. This matter regquires research, The clamghell was
required in some cases $o dig from dry pits. The soil was so im-
pervious that it was possible to keep the pits dry, but it is a
lot easier from & construction standpoint if no effort was made

to keep the pit dry and the clamshell simply took material out of
the water. To what extent should we exert construction controel
and insist on dry pits? It costs a lot of money, and is a question
of rotation of pits. To what extent should we permit the coun-
tractor to move in with the clamshell toward the toe of the levee
and dig shallow pits to extend his reach and place the entire
material in the section by clamshell methods with or without re-
fill of the pits? One other point was the placing of material
with these clamshells so that the material on the far side, which
was beyond the reach of the boom, would get there by dbuilding up
the near side a fool or even higher than the design section, and
then letting the material squeeze down %o the far side. ¥o one
disputed that it was bad practice, but was it bad practice to the
extent that we shouwld pay three or four times as much for other
methods? All these methods of construction control are of vital
importance and require definite research,

® Kk ko

The foregoing completes the record of the "General Discuss-
ion" and "Suggestions for Research!" under the general heading of
"Specific Program! as outlined in the opening remarks of the
chairman, The remainder of the conference period was devoted to
the discussion of "Special Problems'" suggested by the various
District and Division offices represented at the meeting. This
discussion is recorded on the following pages.

*® k% W
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CAPTAIN STRATTON: We will begin with the discussion of Item (1)
under the section on Special Problems. It is requested that each
district state its problems in a more specific manner,

H, SPECIAL PROBLEMS. -~ To be discussed at the conference.

{Items envmerated, unless ctherwise indicated, are those in
letter of Boston District of dune 3, 1938.)

(1), The practicability of glass flume models in studying
seepage through earth dams. Item B (1) (a) - Conchas
District.

MR, BERTRAM: We would specifically ask how the seepage lines as
obtained from a glass flume model of homogeneous séctions - that
ig, each part of the model being homogeneous - would compare with
the seepage lines obtained from the prototype which is to be built
by rolled fill methods, The matsrial was placed in the model in
layers. Material, of course, was uniform and the sand which was
used was uniform,

DR. CASAGRANDE: We can never expect to find a close agreement be-
tween the flow net obtained from such a homogenecus model and that
obtained from the prototype for the simple reason that the material
in the borrow pit is not homogeneous and, therefore, each layer in
the dam will be slightly different. Only on the basis of a
thorough study of the variations of the material in the borrow pit
is it possible %o arrive at an estimate of the variations in per-
meabllity which we should expect in the dam., From this estimate
one can compute the average permeability in horizontal and verti-
cal direction, and then study the flow through a model in which
the sides are so steepened that it corresponds to the transformed
section,

MR. HOUGH: We all recognize that it is extremely difficult to get
exact similarity between a secpage model and the prototype. We
should not look to the model for exact results which are directly
applicable. The model, hbéwever, serves a very useful purpose in
studying proposed changes in different features of earth dams,
The entire flow net through a dam and embankment is affected by
many features such as relation of the downstream shell and core
and the size and location of drains and many other features of
that nature. Those are the features which are particularly diffi-
cult to investigate analytically, and these things are clearliy
shown in a model even if the model is not exactly similar to the
prototype.

* ok x  #

CAPTAIN STRATTON: We will proceed to the discussion of Item (2}.

(2). The value of cut~offs or Keywalls through earth dams
built on relatively impervious foundations. Item B (1)
(t) - Conchas District,
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CAPTAIN KRAMER: This is essentially an engineering question and
not a question of reseurch. The conventional design of an earth
dam uwsually involves cut-off walls. 4t Conchas, we are consider—
ing eliminating these cut=off walls which complicate the rolling
of the fill. Are we just blindly feollowing precedent in putting
in cut-off walle that might better be left out of the design?

DR, GILBOY: I agree with Captain Kramer; we stick them in just
because someone else has stuck cut-off walls in. These walls
don't fool the water in the least. The same thing holds true in
the case of cut-off trenches. They are seldom useful in regard
to the seepage of water, The only use for a cut-off is in a case
where you have reason to believe or kmow that the land on which
you are building might at one time have been drained so that you
are not sure whether & drain tile will run upstream or downstream
in your dam. The best thing to do is to dig an exploration trench
and make sure none of these conditions exist, 4s far as a cut-
off is concerned it doesn't amount to anything. '

MR, HOUGH: Do the consultants think there is any value in digg~
ing exploration trenches to determine whether there are any local
deposits of soft material at the toe of a dam where the stress is
probably a good deal higher than at the center line?

DR, GILBOY: I think if there are any doubts on that point a
series of test pits would be perfectly permissible,

MR, TORPEN: Cut-off trenches are very useful in certain cases,
Where a dam is founded on permeable material and at a certain
depth you find impermeable material, it is generally desirable
to cut off seepage eniirely. Another case would be laminated
foundations of impervious and pervious strata. A cut-off trench
at a reasonable depth %o reach impervious strate would make the
dam gquite impervious because the water to get past the dam must
enter farther upstream, and the path of seepage would be in-
creased so that the seepage would finally become practically
negligible, Even if you do not reach impervious strata a cut-off
trench might reduce seepage water by a reasonable amount and the
flow net wlll show lesser concentration of flow,

DR. CASAGRAKDE: Cut~off walls in pervicus material which do not
completely cut through the pervious strata are of doubtful value,
One can show theoretically that if the cut-off wall cuts off 99%
of the thickness of the pervious stratum, the quantity of seep~
age will still be 80% of what would flow through without the cut-
off wall, Therefore, leaking sheet pile walls are also of
questionable value as far a&s reduction in seepage is concerned,
However, partial cut~off walls at the downstream toe of the
structure are very effective in reducing the upward seepage
pressures at the toce, thereby reducing the danger of sand boil
formation and piping. The sheet pile wall forces the concentra=
tion of flow lines from the surface to the lower edge of the sheet
pile wall, and produces an efficient spreading of the flow lines
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before they emerge on the ground surface. Also the great danger
which results from scour at the downstream toe of overflow dams,
which is an important coniribubing cause of piping, is very
effectively counteracted by means of a sheet pile wall at the toes
It is true that such a well increases the hydrostatic uplift
pressure on the apron behind the sheet pile wall. However,

these pressures can be easily reduced to a tolerable amount by
means of filters which are properly drained through the apron

or through the sheet pile wall, ‘

MR, FAHLQUIST: Dr, Casagrande, you have been working with these
smell scale models for developing flow nets, What are the merits
of these small flumes as compared with the larger flumes, models
of larger scale?

DR, CASAGRANDE: The type of problem determines which method of
model testing will give the best results. The electric analogy
method gives excellent results for isotropic materials when all
boundaries are known. For problems with a free surface one must
find the line of seepage by gradual approximation., The knowledge
required to find the line of seepage by trial is alsc sufficient
to find the flow net by means of the graphical method. Hydraulic
models, consisting of sand built in a flume, shouwld give satis-
factery reswlts whenever all boundaries are known; e.g., the

flow through the pervious foundation of an impervious dam, The
line of seepage through dems can be determined by means of
hydraulic models only for homngeneous isotropic sections. When-
ever the dem and foundation consist of materials with different
permeability, the limitations of the methed often make it im~
possible to arrive at satisfactory results. The coarsest layers
are limited to about the size of Ottawa Standord sand, to prevent
furbulent flow, This automatically dstermines the grain sizge

for the less pervious layers in the model dam, for which the
height of capillary rise mey become many inches, so that a reason-
ably accurate flow net through such embaniment may require the use
of mndels as large as a room, to reduce the distorting effect of
capillary rise to a tolerable amount.

ME. SLICHTER: The graphic method of determining flow nets
appears rather complicated when cut-offs and drains are intro=-
duced. Oould some simpler method involving & combination of the
electric anslogy with the graphic method or small model be de-
veloped?

DR. CASAGRANDE: Could you give me an example of & case which was
s0 conplicated that the graphical determination of the flow net
was not possible?

MR, SLICHTER: I have in mind a cantilever flood wall supported
by wood piling on a pervious foundation soil., 4 steel sheet pil=-
ing cut-off wall 15 feet in depth is embedded in the base slab on
the river side rand a filter drain is provided at the landward
edge of the base slab,
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MR, BURWELL: The prevention of dangerous seepage under earth
dams where the core 1s carried to bedrock is a controversial
problem in the Chio River Divisién, I would like the opinion of
the Board of Consultants as to the best method of effecting a
cut=off under such conditions aspuming the rock to be fractured
and seamy. MAs a grout curtain i5 never 100% effective we are
concerned with flow along open fractures at the contact of the
core with the foundation., Should we provide a keywall, cut a
trench in rock and backfill it with impervinus material, or con=
struct a pavement of non-ercdible material such as concrete on
which to plade the core? The Baltimore District has e project
whnere the core is to be placed on bedrock and the Board of Con-
sultents recommended 2 concrete pavement on the abutments and in
the cut—off trench, to eliminaté the possibility of flow along
the seamy rock damaging the core,

DR, GILBOY: In general, I would say that the solution to any of
these problems cannot be stated in general terms, each has to be
studied on its own merits. The use of a small key is of no par—
ticular value. You probably will need, particularly in the case
of the kind of rock absut which Mr, Burwell speaks, some sort of
grouting cap in order to hold back the pressure. It is all a
matter of opinion. I don't see the value of carrying the keywall
to bedrock, and trying to compact the material around it. The
best thing to do would be to leave the cut-off trench open, work
on it, and get machinery down in there, toc give you a solid, com~
pact mass in the dam with rock and grouting.

MR, BURWELL: What do you think of pouring a covering of asphalt
on the rock surface prior to placing the impervious fill, a non-
erodible material to form a junction between the earth fill and
the shattered rock surface?

ME. CROSBY: 4All rock surfaces are shattered. There is always
the possibility that if we have one channel left open under core
material we may have trouble at that particular point. We can
never guarantee the effectiveness of grouting 100%. I still don't
see what a keywall does for you,

MR. BURWELL: I am looking for scmething to form a safe contact
plane vetween the earth and the rock, possibly a concreie pavement
or some other non-erodible material to prevent erosion of the core
material,

DR, CASAGRANDE: Since we are trying to accomplish something by
means of cut-off walls and ¥eys which experience shows is not
possible, why do we not go to the cther extreme and, instead of
trying to prevent the flow, control it by means of appropriate
drainage filters in such a menney thabt erosion cannot occur?

CAPTAIN DEAN: I would like to agk, assuming an impervious rock
foundation and abutment, the question of getting a key way in
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that rock, putting an earth £ill into that key way, and then
building the dam, In other words, having an earth key way. Do
you think that has any value?

DR. GILBCY: Yo, I don't, The action of blasting that rock makes
it worse then befors,

CAPTAIN DEAN: On a WPA dam I expressed that opinion. The dam
already had been designed and was built with a key way. It was
expensive, but I believed the key way served no useful purpoese,

MR, CROSBY: It is better to leave the rock alone, Blasting it
and putting a concrete cut-off in it does more harm than good.

CAPTAIN DEAN: In respect to clay foundation of douvbtful support-
ing value, there is one serious question of artificial drains.

They are unnecessary if you have an exploration trench. In general,
it is undesirable to have the cut-off trench in the base of the
feundation., Lieave the foundatinn alene,

MR, PHILIPPE: This particular guestion was a sore point in the
construction of the Muskingum Dams, I would like to recommend
very strongly that these expressions of opinion be formulated in
the form of dlscussions and circularized throuwghout the Depart-
ment,

CAPTAIN KRAMER: Mr. Burwell i1s going from vertical cut-offs to
horizontal cutknffs, He is golng to seal the top of the rock with
a horizontal slab, What about the plane of seepage between that
slab and the embankment? Aren't you just transposing the zone of
trouble?

MR. BURWELL: We desire to get away from the short path of per-
colation provided by keywalls. I am bringing this up for dis-
cussion now, ag this question arises for & number of dams under
design and always results in controversy.

DR, CASAGRANDE: I gon't believe that small cut-off walls and
treanches have much value in earth dams, but they serve as addi-
tional protectisn beneath rigid dams eon fine, loose sand feunda-
ticns. Without such cut~nffs cavity formation may work backward
from the downstream tow to the upstream side, finally leading to
failure by piping, while a cut~>ff wall may maeke the formation

of a continuous channel impcssible, or delay failure for a suffi-
cient length of time to allow meking repairs, if by means of
Plezometer rsadings the danger is rescognized,

MR. SENOUR: Why do we put cut~off walls ar-ound culverts?

DR. CASAGRANDE: For the same reason. Whensver a rigid structure
is in contach with soil, cubt~cff walle zre helpful in preventing
the formation of continuous channels along the smooth surface of
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the concrete. But even in such cases I wowld rely more on proper
drainage filters to control whatever seepage may develop.

ME., SENCUH: W®hat: is the chjection %o incressing the path of
seepaze’

DE, CASAGRANDE: In many cases it répresents a waste of doney, or
at least an uneconomical way of obtaining something which we can
get better and cheaper by other means,

% W % W

CAPTAIN STRATTON: We will now take up Item 3.

(3). Use of pulverized rock and quarry spoil in filters,
Item B (3) ~ Baltimore District,

MR. MBARA: The opinisn was expressed in cne of cur board meefw-
ings that, instead of using sand and gravel filters, the rock exw-
cavabtion might yield encugh rock graded from fine to coarse to
build a filter, If such & filter cowld be constructed it would
effect a saving in the cost of the dam. We would like some fur-
ther expressiocns of opinions,

ME. CROSBY: Pulverized rock? I think you mean crushed rock,

MR, MEARA: We didn't intend to set up a plant and crush rock.

It was assumed that thsre would be some fine particles and some
pulverized rock obtained from ordinary blasting. Mr. Burwell has
been at the sits and knows something about the type of rock with
which we are desling,

MR. BURWELL: The rock mentioned is a hard, brittle quartzite.

In blasting we expect to get variable sizes of rock spalls and we
feel thai by grading this quarry matsrial from coarse on the out-
side to very fine spalls on the inside, we will get a very .satis-
factory filter,

MR, CRCSBY: I would call atbtention to the gquality of the rock.
Ordinary gravel already has had a treatment so that all friable
rock was eliminated by its production on the beaches, but if you
had a soft, frisble sand stone I think that its use in filters
would be questionable., If you had quartzite or other hard strong
rock I don't gee any objecticn to its use. I think that the grad-
ing might be satisfact-ry. If the character of rock is such that
water flowing through it 1s not going to damage it or break it
down, then I think your problem is one of proper grading and de~
sign of the thickness, gte., of the filter bed, so that it will
form an effective filter,
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CAPTAIN STRATTON: We will call on the Mobile District to discuss
Item (4).

(4). ZLining of a canal to prevent seepage losses, Item B
(6) - Mobile District,

MAJOR SHAW: We have two proposed canals, one of which in parti-
cular is well above the ground surface. It goes through a clay
substance; the clay in itself is almost impervious. There are
numerocus cracks in the test pits, we could not even pump water in-
to them. Will the blanket of clay laid in dry, lining and canals
about 13 miles long, hold water? How much of a blanket would we
need? Could it be mixed in the dry and placed, or should it be
vlaced under water? Which would be the best method of placing the
blanket?

DR. GILBOY: I would say that the solution of this problem depends
on a study of the local conditions. It is hard to give a general
answer. It depends on the nature of the clay that youw have avall~-
able for lining.

MR, BUCHANAN: The material for the lining of the canals contains
a large percentage of tldy, approximately 40%. Permeability tests,
using compacted specimens placded at their optimum moisture contents
and maximum density, show that it has a permeability of approxi~
mately 10~°, The material appesred workeble during the performance
of the laboratory tests,

DE., GILBOY: It seems that with the obviously good lining material
we have available the hest thing to do is make a sufficient nurber
of field tests to determine the thickness of layers we should use,
Obviously, if the clay is as tight as 10~8 that is a pretty tight
clay. It 1s simply a question of getting it in place conveniently
and cheaply. BEven a layer a foot thick should be plenty, but it
may be too thin to handle economically. That is a question to be
decided by meking field tests,

MAJOR SHAW: We tried a layer a foot thick by hand methods but it
didn't work,

DR. GILBOY: What was the reason it didn't work?

MR, WESTON: We are going to meke another test. Perhaps some of
the water is escaping along the sides of the plt; maybe the in-
stability cof the clay on which the material is placed has something
to dn with it. There may be fractures in the lining. The top and
bottom of one section of the lining roughed up and we lost quite a
bit of water. The blanket reduced the seepage by only about 50%.
We want to make a test which will eliminate the errors in our
technique,

MR, GILBOY: Have you used a ball shaped affair where you have no
breaks in the lining? I think i% can be done all right, particu~
larly when you have such good material available. Have you con=-
sidered the possibility of using bentonite covering?
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MR, WESTOHN: We intend to do that later. Our procedure is to place
the blanket, test it; remove it, place another one and test that;
but we haven't got along that far yet. We intend to meke 2 study
of bentonite. It may cost us several thousand dollars before we're
through, We don't think we are justified in spending that much
money. That is the reason we haven't done 1t

Kk *x
CAPTAIN STRATTON: We will next take up Item (8).

(58). validity and range of applicability of earth pressure
s formulae of Rankine =nd Couwlomb, Exact method of sheet
pile bulkhead design. Item C (1) (b) - Galveston

District.

MR, BUCHANAN: This question is in connection with the design of a
sheet pile bulkhesd developed by the Galveston District, The ele-
vation of the top of the bulkhe&d or backfill is approximately 4,
and that of the bottom of the slope about -15, It is my opinion
that the design of the wall involves no special features other than
the pressures exerted by the backfill, The check of the design

was based on the method outlined by Dr. Terzarghi im his article:
1A Fundamental Fallacy in Zarth Pressure Compubationsh,

DR, GILBOY: If ysu have followed that procedure you have been us-
ing the most nmodern information we have on this gubject., I think
there is nothing better. I will say this - if you can, during
construction, introduce into yHrur present system some means of
measuring what those earth pressures are you will be doing every-
bedy a service, Has any work of this kind been done?

MR. BUCHANAN: I do not know. The problem was referred tc us for
review and check of the basic asswmptions used in the design. I
believe that a satisfactory arrangement for observing the pressures
against the proposed bulkhead can be made and that some very valu-
able information could be obtained. Have you any suggestions re=
garding o sabtisfactory method for determining the pressures against
such a wall?

DR. GILBOY: It depends on your design. Is your design braced
externally or internally? Is it like a cofferdam or s bulkhead
wall?

Mi. BUCHANAN: It is a bulkhead wall,

DR, GILBOY: In that case you could put strain-gauges on the tie
rods and allow means of getting at them from time to time.

Mit. MACWISH: In the Upper Mississippi Valley Division we have con-
structed a nuwiber of steel walls which employ & system of wales and
steel tie rods to serve as a reaction or support for the upper por-
tion of the wall, Provision has been made for measurement of the
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gtresses in certain of these tie rods., The selected tie rods to-
gether with their anchor piles have been made eccessible for
strain gauge nbservations by the canstruetlon nf timber boxes in
the back fill, Although measurements have not progressed suffic-
iently tc be cnncluzive they appear 1o be in reasonable agreement
with calculated results obtained by the methods advocated by the
U. S. Steel corporation for steel walls with tie rods,

DR, GILBOY: Are the pressures greiter or less than computed?

M, MACNISH: It appears that ths observed earth pressures, as
measured by the tie rod stresses, may be less than the calculated
pressures,

Mz, HARPMALN: The Louisville District is preparing to make tests

in the future. Wa are going to build a rectangular cribbing. The
ends will be sheet piling of two different sigzes. We will fill it
with water and test it to destruction. The only problem we are up
ageinst is the development of a pressure cell which will give us

the information we want. We alrsady have test pits in that vicinity
but want ideas for a pressure cell,

M, PHILIPPE: Captain Sturgis, in his absence, has asked me to
bring wpy this question regarding the design of flood walls of the
cantilever type with key. In Huntington, West Virginia, the depth
of key was determined by conventicnal methods. The design was sub-
mitted for approval to the Chief of Enginsers, who objected to the
depth of key and recommended that it be increased, On that parti~
cular design we were able to compromise. In future designs, how-
gver, we will be concerned with the same problem, and must determine
Just what the depth of these keys should be., Captain Sturgis would
like to Xmow by what methods we con attack this problem,

DR. GILBOY: It is very difficult to answer this question in
general terms, I would have to study your individual problem,

MR. PHILIPPE: We are asking absut a general method of attack. Is
it going to be permissible for us to use the circular methed or
should we 20 to some other form of test analysis, the photo-
elastic methed, or any osther method, or resort to field tests?

DR, GILBOY: I haven't given a2 great deal of attention to that pro-
blem, I will have %t think it over befsre meking any rescommenda~

tions,
* K ok %

CAPTAIN STRATTON: We will continue with the discussion of Item (7).

(7). Standardigzation in soil studies and design of earth
structures. Item C {3) - Baltimore District.
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DR. CASAGRANDE: Does this heading refer to classification of
soils, or standardization of laboratory tests? Relative to the
design of earth structures, does it refer to the standardization
3f the factsr of safety? Personally, I feel that we know far
tco little even to tallr about standardization,

* K k¥

CAPTAIN STRATTCN: We will now go on t7 Items (8) and (9). Sta~
bility of levees constructed of friable limestone, lime marl,

lime shell conglomerate with variable mixtures of fine sand,

sedze peat ...... Item C (B) - Jacksonville District. Model tests
as a basis for stability detemmination of levees. Item C (5) ~
Jacksonville District,

MR, SCHRONTZ: We have a material which is a combination of muck
and lime marl, It really is not marl but is simply an aggregsbe
of lime and shell with fine lime 2o0ze or mud. The muck varies
from four to fifteen feet in depth, The plan of the levees was to
excavate a trench at the toes and fill it with the lime marl
material and build up the levee on top of the muck with the muck,
rock and marl from the borrow pits. It was thought that the con-
fining of this muck base by the trench fill at the toes of the
slopes would be sufficient to hbtain stability. In building the
levees there was a great deal of mixture »f the muck snd marl
topped with a rock and marl cap varying from four to six feet in
thiclmess, During the last six or eight months the stability of
portions of the levee has been questisned due to development of
longitudinal cracks along the crown. In some instances these
cracks extend down very deeply and, in other cases, they extend
Just through the crest. Due t» the variation of the aggregate in
the levee it seems impossible Yo depend on shear tests to deter-
mine stability. The question arose whether it would be more advis-
able to use some kind of model test,

ME, CROSBY: I take it that the friable limestone and shell con-
glomerate are pretty well mixed up,

MR. SCHRONTZ: Fnr some distance up from the levee it is 80 or 90%
muck, and for the remainder limestone and marl,

MH, CROSBY: There may be some tendency for a limestone and shell
conglomerate to break down into smaller pieces.

MR, PAIGE: It is evident thait foundation difficulties in this levee
are quite possible, and the longitudinal crack is probably caused
by flow of plastic material below the embankment, I think the only
remedy will be %o lower the slope thus spreading the welght over

the frundation.

PRCF, TAYLOR: During recent years much progress has been made in
the nmethods of model testing, and in kaowledge of the theory of
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models, work in the field of hydraulics being an outstanding illus-
tration., It is recngnized in hydrauvlic model work and is equally
true in other fields that it is important to differentiate care-
fully between gualibative and guantitative results. The greatest
problem in all such work is the obtaining of true similitude with
respect to the factors bLeing studied,

In the model we are discussing, the gtrensth is the basic
consideration and thus the problem is to obtain similitude between
the shearing strength of the soils used in the model and those in
the actual dam. We know shearing strength is dependent on ab
least tws factors, one being the normal pressure, the other, or
sthers, being independent of the pressure. Thus far any one soil
there are at least two factors wnich must be reproduced in correct
relationship, This is not a simple problem, Where more than one
type of s0il occcurs, the difficulty mounts, However, even without
an exact raproductiszn of conditions, valwble results may often
be obtained which are of qualitative nature, but they must be def~
initely recognized as such.

If a model is built to represent a thin slice of a dam, side
frictisn will enter and greatly distort the situation. For example,
in Dr. Gilboy's method of analysis of the stability of a hydraulic
£fill dam, failure alcng a plane ig assumed. To Jjustify this
agsunption, we made models which could not be depended upen for
much in the woy of quantitative results bub which were of value in
a qualitative sense since they indicated that the assumption of
failure on a plane was reasonably coarrect. On the cther hand,

Dr, Terzaghi's large Retaining Wall model may be pointed out as
siving valuable quantitative results, both with respect to the
strength characteristics of the backfill and the amount »f yield re-
quired to produce active pressure on the wall.

Many of us questisn the dependability of photo-elastic models
of earth dams. We feel that for gquentitative results they may be
misleading, However, for qualitative information, such as for in~
dicating locations wnere plastic-conditions are likely to begin,
the phote-clastic metihiod is of considerable value,

Because of the many factors entering intc even the simplest
of earth dams, it would be very difficult, if not impossible, to
obtain guantitative results.

MR. SCHRONTZ: The slope of the levee is four on one on the land
side and six on one on lake side, The slopes are very flat,

MR, PAIGE: It still seems to me a case of plastic flew in the
foundation,

MR, BUCHANAN: I have observed some of the samples of the mater-
ial used in the Lzke Oksechobee Levees, The muck we have been
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speaking of is more of the nature of a peat, than the usual silty
material frequently called "muck!" by engineers. It had an ex-
ceedingly high moisture and organic content. It will burn readily,
mach like cotton in a cowpressed state, The marl spoken of is

an immature limestone. I believe that field models would be ex-
cellent, Since littls is known of the materials avallable for

the constrvction of this levee, and since they form such & con-
glomerate, laboratory tests for design purposes might be most
difficult. The sizeable field model is a great help in such cases.

CAPT, XRAMFR! In & smell test dam it would appear difficult to
simulate conditions of hydraulic construction. The manner in
which & structure is built is just as pertinent as the material
of which it is constructed.

CAPT, DEAF: Where you have a long stretch of dike building and
no precedent to go on it is wise to build short sections and get
all the information you can out of an actual full-gize section, I
agree with Capt. Krsmer that the method of construction with this
type of material is an important factor. Peat suggests the possgi-
bility of a high water content. In the Mississippi Velley, where
we had & high organic content in the materizl, the amount of come
pression that tock place was almost comparable with that of a
sponge., It was good so0lid stuff and when it had a chance to dry
out it compressed down to a mere fraction of its original size,
The earth over it arched in mony cases and acres would drop down
all at once in one sudden drep of 30 or 40 feet,

MR, SCHRONTZ: The Okeechobee muck contains 60 to 90 per cent
organic matter. The dry muck weighs about 37 pounds per cubic
foot and the water content is very high.

DR. CASAGRANDE: All that I can say is that I admire the courage
of engineers who construct levees of such materials,

¥ ok K %

CAPT, STRATTON: We will now discuss Item 10, Investigation of
the stability of existing earth structures. Item C (6) - Conchas
District,

CAPT., KBRAMER: 'In formlating this question we had in mind a little
dem we investigated which was being enlarged for irrigation pur-
poses, I also had in mind Marshell Creeck Dam, I would like to get
general remarks from the consultants on what they would do if they
walked up to a dam of unknown construction and the procedure they
would follow %o know if it would stand up,.

PROF, TAYLOR: The stability analysis of an existing dam and that
of one y~u plan to build are no different in principle. In either
case, the analysis is about as geod as the reliability of the data
you have., The dam which is already constructed presents one
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advantage in that it mey be pictured as a full scale model which
has been tested under natural condltions and has either behaved

in a satisfactory way or its points of weakness have been indicat~
ed. DBorings and test pits must usyally be used to give the in-
fermation needed for the analysis of an existing structure. For
dependable results, the samples must be as nearly undisturbed as

possible,

CAPT, XRaMm ! We have been using different samplers to obtain
undisturbed samples with a remarkable lack of success.,

PROF, T4YLOR: Many improvements in;sampling and sampling methods
have been made recently and are still being made,

CAPT. KBaMER: We have the latast equipment from Vicksburg,

DR, GILBOY: It takes a certain amount of experience to operate
the egquipment to get undisturbed samples, You can't zlways rely
on a drilling concern. It mey have a fine reputation; it may have
had years of work in wash borings, but you can't expect them to

go shead and get undisturbed samples,

MR, HANUSEN: We have had some success with sampling tools where
the material was entirely plastic. There are certain places where
the material was not as plastic as some of the flume clay models,
Most of the samples were obbtained by test pits., In some cases in
impervious matarial we struck pieces of shele and rock, and
couldn't sink our sampling tools, It wasn't entirely the fault

of the sampling tubes.

CAPT. KRiMER: Another difficulty we have experienced at Marshall
Creek is in obtaining undisturbed swmples with the latest methods,

MR, SLICHTER: The sampler we used in the investigation of the
Marshall Creek Dem failure was secured from Fort Peck. It had been
used with success on the Fort Peck Dam. At Marshall Creek, satige
factory undisturbed samples were obtained only of the plastic clay
soils, but samples of soils containing only & small percentage of
silt or sand were remouldsed by the sampler, Lack of time pre-
vented the development of saetisfactory sampling equipment. We now
plan to use a sampler designed like the one described by H. A. Mohr
in a recent Harvard publication, which is to be driven into the
s01l by a hydresulic ram., By reducing the interior resistence of
the sample tube to penetration and eliminating the jar from driv~
ing we hope %o obtain satisfactory undisturbed samples,

MR. BUCHANAN: The undisturbed sampler known as the "Vicksburg!
or the "M.I.T." Sampler was not designed to obtain samples of em-
bankments containing hard rocks. However, this equipment works
satisfactorily in any sort of material raanging from soft, con-
solidated silts or clays to the hard, well-consolidated clays,




CAPT, STRATTON: We will now discuss Item (11), ZEarth dam 100
feet high on loess foundations. Item C (7) ~ Bonneville District,

DR, CASAGRANDE: We should not treat Loess differently than other
s0ils. In the undisturbed state we know in general 1ts permea~.
bility and compressibility. In the remolded state it should be
tested like any other more or less cohesive soil,

A considerable amount of confusion has resulted from the
fact that many solls which may have been transported by air, are
classified by geologists as Loess solls but they were deposited
in water and therefore possess properties of ordinary sedimen-
tary soils, and none of the physical characteristics of a true
Loess,.

MR. CROSBY: The important thing is to recognize loess definitely
and be sure it is a true loess and not some similar material that
is misnamed loess. The term is used very loosely. 4 true loess
has certain very definite characteristics,

* % ok %

CAPT, STRATTON: TLet us proceed to Item (12): Consolidation
characteristics of hydraulic fill dam cores. Item C (9) - Fort
Peck District.

MR, CUMMINS: According to Dr, Gilboyis method of analysis, the
shell of a hydrauwlic fill structure might rupture due %o the
pressure of the semi-liquid core materizl. In the core of the
dam at Fort Peck, we anticipate a large volume of consolidation
after the structure is completed. Ve want to know how this cors
will consolidate and how it will affect the gross grades of the
completed £fill. How should we disitribute the allowance for the
volumetric shrinkage of the core over the completed section?
This brings up an interesting peint, A stsbility analysis in-
dicates that possibly there will not be any tendency for the
lower portion of the shell to move in toward the core. The core’
pressure may be always greater then the active pressure that the
shell material will exert on the cors, and so the line of con-
tact betwesn the shell and the core may not move a great deal as
the core consolidates. As consolidation takss place in the outer
portion, matsrial will move downward and cutward from the upper
part of the core. It mekes quite & difference in the grades if
the effects of consonlidation act in this manner, Will the con~
sultants express their opinion on this point,

DR. GILBOY: It is a pretty difficult problem and I don't want

to meke any definite remarks without a chance to study it in a
good deal more debail, I want to point out a minor fact, that the
core force is always positive outward, but we still can have in-
ward movement of this surface, The balancing forces will still be
consistent with equilibrium as a whole. The development of shear-
ing stress in an outward direction along any plane is a function
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of the amount of shearing strain. If the core moves inward the
whole shell can move in without creating a great shearing strain,
This would not affect the stress distribution very much,

* ok W X

CAPT. STRATTON: We will omit Item (13) here and discuss it later,
Let us proceed to Items {14) and (15), Yielding foundatinns,

Item E {1) - Vicksburg District. Plastic flow of clay. Item B
(2) - Memphis District,

MR; . WELLS: I would like to meke the specific recommendetion that
the Waterways Experinient Station study the plastic flow of clays
in connection with tlieir proposed study of the stressestrain
characteristics o»f cohesive soils,

. * A A _

CAPT, STRATTON: We will now teke up Item (16): Limitation of
weight of equipmsnt used on the construction of impervious embank-
ments, Item F (1) - Conchas District:

CAPT. XRAMER: There has been a tremendcus growth in the size of
equipment for rolled earth fill construction. At Conchas Dam the
Euclid track trucks have created many construction control pro-
blems. The continual passage of trucks instead of producing more
and more compaction tends to produce within the limits of the
track a definite separation or splitting, These trucks weigh
about 30 tons when loaded, Ordinary dwmp trucks weigh 18 tons,
These conditions obtain eight or ten inches beloew the surface,
Instead »f a2 wiform compaction, there is a tendancy to break
bond, On a danm iz Southern California the specificatbtions limited
the size and weight of hauling equipment., We heve come to the
point where the size and weight -f equipment is beginning to
affect the homogeneity of compacted fills composed of rolled co-
hesive material, Whether vibratisn compaction with weight is do~
ing more harm than gnod is a very debatable question involving
construction control. )

DR, GILBOY: I agree that this involves construction control and
as such is a matter for field observeation and a matter of prac-
tical limits which can only be determined by finding out how
trucks act on the actual job,

CAPT, STRATTON: Is this continued tracking the normal process of
placing and loading? 1

CAPT. KRAMFR: This is the normal process of placing. We don't go
over the same tracks too many times, but with about four passages
you get this effect, We try not to work too constanily in one
place, but are bound to get thres or four trips, Thig is more
then just a construction problem, for the development of the conm
struction industry is definitely related to the theory of engineer-
ing design. We shouldn't design and specify requirements which
cannot be built intelligently and economically.
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MR. SENOUR: How was this discovered? What evidence had you of
the separation?

CiPT, KRAMER: We dug down and put markers in places where we had
definite suspicions. We made & systematic study in places where
these trucks had made two, four and six trips. We dug out little
trenches in these places that we had marked with paper markers
and made our observatinns, '

MR, PHILIPFE: During the construction of the Zanesville Dams we
observed the same effect and were concerned but did nothing about
it, Since that time we have had occasion to open up some of these
embankments and 1f those effects were lasting we couldntt find
them,

* ok K %

CAPT. STRATTON: We will proceed with the discussion of Item (18).
Use o»f culn piles as an integral part of a levee system., Item G
(1) - Baltimore District,

MR, MEARA: Has anyone had experience in the use of culm piles as
part of levees. The proposal that we give them as little treat=-
ment as practicable would save much money.

DB, GILBOY: I have had a gond many opportunities to observe that
kind of thing in the Wilkes-Barre region. In connection with
their use as levees, I think you may be zmble to get some good in-
formation from residents in that neighborheood., Some of them
actually did have gquite a bit of water on them when flood waters
hit there. Coal companies and residents may have actual data

available to give you.
* % * L

CAPT. STRATTON: We will go on with Item (19). Study of Soils
Classification,

- DR, CASAGRANDE: Tt has often been suggested that a standardized
s0il classification is urgently needed. Numerous classifications
have been proposed from time to time but none has proven success=—
ful. Most of these are based on grain size distribution. Almost
everyone working in this field has passed through a period in which
he thought that it must be possible to establish a soil classifi-
cation based chiefly on grain size distribution. However, as

his experience grows, as he encounters incessantly new types of
soils which differ in thelr properties from all others he has
tested before, he begins to realize that nature has not standard-
ized the soils and that he will never exhaust the possible come
binations of physical properties with which he will have to deal.
He will find that the grain size distribution has n¢ simple relaw
tionship with the most important physical properties of the soils,
excepting perhaps for clean, cohesionless soils., Gradually he
will recognize that we cannot possgidbly hope to establish one
classification which will cover all the problems in which we are
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interested, and that least of all the grain size distribution
can be considered as & besis for such a classification.

The best we can do is to establish for every type of problem
5 tentative soil classification based on those properties which
have a bearing on that specific problem. These tentative classi-
fications can be recormended as a guide which can be adapted to
specific problems. Certeinly, it is premature even t- talk about
g stendardized classification,

Considering the importance and complexity of this question,
I should like to recommend that it be carefully studied, perhaps
by a special committee >f the Engineer Department.

MR. HOUGH: We are all very well aware of the difficulties en=-
countered when we try to classify soll, It is a very difficult
problem end appears to need clarification. I believe there is a
danger in an attempt to standardize sail classification., The
denger is that we tolkte some such system =s proposed by the
Providence District and sell it to the entire group of engineers
using so0il and they may think 1% simplified the problems which
Dr. Casagrande has pointed nut are very complex. If we have a
materisl which is silt and cell i1t No. 259 and every cne knows
what that means, engineers might say that you could build dams
of it with a slope of 1 on 544, We should leave soil classifica~
tlon more or less as it is, bubt should stress the importance of
having, besides classification of seil, all the other data which
gnes along with it rather than try to classify it by information
Ziven in the designation of the soil.

MR, FAHLQUIST: The memorsndus regarding soil classification wes
intended to elicit constructive crificism., This classification
is not the answer to the entire classification problem but it has
been helpful in our work. We would like thig body to consider
improvement on that classificefion, This classification is based
upon grain size distridbution, but our investigations do not end
at this point, Numerosus tests are made on wndisturbed samples
covering permeability, void ratio, consolidation, compaction,
shear, etc. We carry oub the same comprehensive program that

Dr. Casagrande has ~utlined. This classification and method has
been used successfully in the Providence District.for the last two
years. Our investigations have been concentrated wholly in the
Connecticut Valley, a glaciated region, but the classification
should apply in other glaciated sections of the country.

MR, CROSBY: It might be helpful, There are however some soils
with whick I have had to deal that would not fit in there at all,
I think it is impossible to make any general classification
which can be used everywhere. 1 doubt very much the statement
that this would be helpful in geologicel studies: it seems to ne
it would be the contrary unless it was accompanied by a thorough
description of the soil., If I had just the number tc go by, it
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would be a handicap rather than a help, I doubt the possibility
of & broad application to be used everywhere.

TEE A
COLCNEL LYMAN: I have always bélieved in general conferences
wiere representatives of various districts and divisions can get
together., I think that it emphasizes and it brings us closer to
the realigation that we are members not of the Boston District
or of the Baltimore District but that we are members of the
Engineer Department. I have found that there are some of the
assistants of the Department, some of the varicus officers of the
Department, who becd~me so much interested in their own local pro-
blems that they forget all about the other districts. I have
heard with great gratification the complimentary remarks aboutb
the interest in the meeting and that it has served as a send-off,
at least as a starter, a stimwlaant in carrying out this important
work, I believe that the success of the meeting is due to your
helpful cooperation and I hope that these meetings mey go on and
that in the not tno distant fubture, we may all get together again.
I thank you for coming and hope that you have got some useful in-
formation by the exchange of ideas and by what you have seen here
as a result of our experiments,

* ok * -

CAPT, STRATTON: We will omit items 5, 13, and 17 from the dis-
cussion entirely.

(5). Development of practical methods for the determination
of flow nets in earthen structures., Item B (7) -
Missouri River Divisicn.

(13), Genersl Discussion of laboratory testing methods, =
See Item D, letter of Boston District dated June 3,
1938, The items which are listed under this heading
are btoo numerous to repeat in this letter. District
and Division representatives will be given opportun-
ity to present their problems (Listed) for such dise-
cugsion ag time permits,

(17). Demonstrate how a properly designed structure may fail
if improperly constructed. Item F (2) - North Atlantic
Division.
* e * *
We will proceed with the discussion of Item 20.

(20). The proper analysis and methods of deposition for se-
curing large areas of stable fill such as for hydraulic
£1i11 airports when subsurface conditions are of the
worst (Soft silt and muck), Leétter June 6, 1938 -
Washington District,

MR, BIRD: It is proposed to build an airport of several hundred
acreg within the limits of a river. The bottom of the existing
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stream is about 4 feet below mean low water: The proposed £ill
will be 12 tn 14 feet above mean low water. The foundation for
20 feet will be of the worst type we can imagine, soft silt and
muck, Have ather districts had similar problens?

DR. CaSAGRANDE: To create a stable £ill on top of 20 to 30 feet
nf ruck or peat is a very difficult problem, If »nly little
settlement can be allowed after complation of the project, it may
be necessary to preconsolidate the underlying strata by making
the £ill a few fest higher and removing the excess after a suffi-
cient degree of consolidation is reached. Of course, the Probiem
must be carefully studied, particularly as to the procedure of
loading, to prevent the formation of slides.

MR, MIDDLEBROOKS: The W,P.4., iIs working on the same problem in
New York City. They are building an airpsart nver muck. Mr. Hough
is somewhat familiar with that,

ME. HOUGH: 1In New York City we conducted some foundation explor—
ations and did some testing in connection with the North Beach
Airport., The conditions are somewhal similar to those in Washe
ington, except the £ill materizl to be used in New York is from
a garbage and rubbish dump in the harbor. It appears to bhe a
gosd type of materisl because it is very light, and one of their
problems 1s the stability of the -uter edge of the fill which
parallels navigable channels. The outer edge of the fill if at
too steep a slope might cause formation of a mud wave and shoal-
ing of the channel. This light fill dnesn't ds the thing that
Dr. Casagrande has in mind, preconsclidate the underground muck,
For the Washington Airport I would suggest that consideration be
given to a system of drainage pipes placed before deposition of
the £fill. One delegate to the conference two years ags described
such a system and I cen get the information used. The drainage
gysten connected with a trench build around the £ill., The punp-
ing system was installed to hasten tlhie consolidation t- some
extent, The gquestion of consolidatiosn characteristics of your
£ill material comes in., & true silt rather than clay may be
sufficiently permeable so that your £ill will consolidate within
a reasonably short time. With real clay you can't hasten the
consnlidation of the material even if you osverload it., 3Before
you proceed further I strongly recommend a complete serles of
tests to determine consolidation characteristics,

MR. BUCHANAN: The comstruction of the island in San Francisco

Bay for the Exposition in 1939, presented a similar problem., The
island is approximately 400 acres in area, and required the
placemnent of approximately 19,000,000 cubic yards of materiel.

It was constructed in a shoal area ranging from 6 to 40 feet in
depth, and on a bottom formed principelly of silt. The silt was

in a very loose a2nd unconsslidated state, and had never been sub-
Jjected to any external pressure, Limited preliminary investi-
gation was made of the site prior to the wnderteking of construction.
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Some difficulty was experienced during the lattsr part of the
constructing work which necessitated thrrough investigation of
both the fowdation and the structural material. This was
sarpled without aifficuliy. The final consbtruction work was
execubed in accordance with the recormendations based on the
strength of the material, Final results were satisfactory.

MR, FHILIPPE: fThere igs one possible danger in Dr. Cosagrande's
recommendation, which has once actually happened. In building a
broad levaee »n twenty feszt of peat we tried the systen he pro-—
poses snd we got differential settlements hetween loaded areas
so that some places would settle while others didn't. The re-
sults were disastrous,

* * * a*
CAPT, STRATTON: Item 21 hos been enswered, s2 we will proceed
with Item 22.

(21). The equipment and methods of sarpling deep muck and
silt deposits. ZLetter June 6, 1938 - Washington
District.

(22). Permesbiliiy tests and requirement for levees and
foundations when subject to hydrostatic jressure
for relatively short periods of time. Letter

.

June 6, 1938 - Washington District,

MR, BIRD: The conditions are very different from those in the
lower Hississippl Valley. The stresm olong which levees are pro-
posed is flashy and water will be against the levee for short
periods of time, 24 %o 36 hours. What short culs and what pere
missible economies can ve tried?

MR, BUCHANAN: What kind of mabsrial is to be used for the levee?

MR, BIRD: We have an arple supply of almast any material, clay
suitable for clay core and silt, sand and gravel fill for either
side of the core.

MR, MIDDLEBROOKS: What foundetion material?

MR, BIRD: The foundation will be pervious. The nominal water
table is & Lo 7 feelt below the surfece of the ground.

DR, GILBOY: As far as skimping ls concerned, the essential ele~
ment in the problem is to make the imperviocus section of the
levee so thick so that in that short time the impervious section
wonlt become saturated, The remainder of the problem is to drain
the pervious foundation by a sultable system of drains so as not
to get send boils at the toe.

MR. PHILIPPE: 1 have under observation two cases which are diam
metrically opposite, leading tn the conclusion that the rapidity
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with which thiese flow systems establish themselves is very
largely a matter of construction. We built a small experimenw
tal dike some 7 or 8 feet high on a rock foundation, It was
rolled very carefully and placed at approximately the optimun
moisture, Under those conditions, the seepage penetrated and
a flow systemr established itself in short periocds »f time, two
nr three hours. On the other hand, a levee constructed by
dumped f£il1l with plemty of air trapped in it has taken a greatl
deal of time to get any trace of flow through the levee. AL
Lawrenceburg, Indiana, the Ohio River Division will make ob-
servations on those effects,

MR, MIDDLEBROOKS: When you have water against the levees for
short pericds, the foundation is rmuch more important than the
levee itself. As soon as water rises up, you have seepage in a
few houre or less, A simple drain to relieve the pressure is
needed.

MR, HOUGH: There is also the question of organigzation. If you
are working in a levee district where work goes on over a long
period of time and y»u are well organized and have people who,
at times of high water, are at their stations and jobs assigned
to them, you can skimp more than in sections vhere the Depart-
ment goes in and builds a channel improvement and levee and then
goes out and has no further concern with the levee, That fact
should be considered.

CAPT, STRATTON: The North Pacific Division is designing an
earth and rock fill flood control dam in a box canyon with over<
hanging walls, Information is desired concerning tests to de~
tefmine the amount of lateral movement that may be expected to
occur when settlement and consclidation of the rolled fill takes
place, There is a possibility that sebttlement of the fill may
leave voids under the overhangs. The earth section of the dam
will be rolled fill of cohesive material,

DR, GILBOY: I will have to look into this problem thoroughly.
It might be desirable to blast the overhang,

MR, BROWN: We have considered blasting the overhang dbut this
canyonr is 250 feet deep. It would be more economical if we
could design a fill which would move laterally and fill any void
left under the overhang by vertical settlement,

DR. CASAGRANDE: The use of clay in the dam might prevent the
formation of voids through plastic flow., This problem might
perhaps be investigated by means of the tri-axial compression
machine,

CAPT, STRATTON: fThe Little Rock District has submitted the
following item: Tests for soluble matter in the soil and the
correlation of laboratory tests to time and rate in nature.
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MR, HANSEN: At one of the dam sites in the Little Rock District,
beds of gypsum and materizls interspersed with gypsum and cal-
cite crystals have been found in the foundation and abutments,
The gypsum is comparatively solublg.. We have tried various tests
and methods to determine the solubility of this material and have
found thet the sclubility ranges from about 6% to 27%., Since most
districts exclude all materials conteining over 2% soluble
mattar, we would like to know if any other districts have had
similar experiences with gypsum, and what their tests and methods
of testing were to determine the solubility of gypsum, and also
if any tests have been made to correlate the rate of solubility
in the laboratory tests to rats of solubility in nature. The
tests in Little Rock District were mede with distilled water,
water from the river, the sespage water abt the site, and water
containing a weak acid. The river water contains approximately
one-thousand parts per million sclubles, whereas the seepage
water contains approximetely elght-~thousand parts per nillion
solubles., The seepage water is practically at saturation point,
providing that there is gypsum going into solution at all times,

MR. CROSBY: I recommended a similar study on soluble soils. I
dontt ¥mow as I can give you specific information now,

MR, SCHRONTZ: The Reclamation Buresu had experience building
reservoirs on a bed of gypsum in New Mexico several years ago.
The project was aobandoned because »f the gypsum content. You
probably could get some information from the Reclamation Bureau,

CAFT, BARNES: The North Pacific Division has in an immediate
program three earth dams for which the prospective material is

of & high natural moisture content., An illustrative mechanical
analysis of a typical sample of this material runs aboub 25%
cley (less than B microns), 2°% silt, 46% sand, 7 gravel, The
naturzl moisture content of this sample is 42%, while laboratory
tests indicated the nmoisture content for maximum corpaction to

be avout 33%., These materisls are suiteble for a rolled earth
fill at the moisture content for cptimum compaction. A construct—
ion problem exists, however, as tc how these materials can be
dried out to the lower molsiure content. Have similar conditions
existed elsewhere, and what construction methods have been found
to be practical?

CLPT, DEAN: We put similar material in a spoil bank and let the
bank rest for a year or nore before we handled it from that speil
bank to the final structure,

CAPT. XRAMER: Can you nperate over a large enough arsa s» that
you could spread arnd scarify yrur material gnd depend upon its
drying during operaticns? 3By having encugh working arsa and drye-
ing area on the embankment you might be able to keep going,

CAPT, BARNES: Unfortunately, these samples were teken in the dry
season, the other nine months they are going to be wetter than
already indicated.
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MR, HOUGH: I would like to ask whether the high moisture conte
srtt is undesirable bscouse of the ~ptimum or because it is in a
fluid state.

Q&? . BARUES: Because it is in a fluid state. Tou can't move
equipment on i%, I thought other districts might have faced this
same problen and worked out a solution, It appears nni, s we
will have to work i1t out surselves.

* * * ¥
PROF, TAYLOB: The discussisom in this cnnference »f the many
research and practical s»il problems has been most interesting
end instructive, and I have greatly appreciated the privilege »f
being present. Cooperation between workers in practical research
work, those in more fundamental research and also the practical
engineer who ig interssted in the results of research, is the
one route ty real progress in our understanding »f the compli-
cated behavior »f soils. It is very gratifying to find such a
fine attitude of cooperation in this conference.

L. I

DR. RUTLEDGE: I think the discussions at this conference lhave
compared very favorsbly with the discussions pressnted ab the
International Conference tws years ago., It has been extremely
instructive and interesting, I have been particularly impressed,
since the subject of cost has been brought up, by the large amount
of observational data now available, A single set of data means
very little, but if 2ll this data cmldd be brought together, com=
piled and evaluated, the Engineer Depariment would have & very
sound basis on which to proceed. To benefit us who are outside
the Department, it would be uwseful if this information could all
be compiled in a very brief form, cireuwlarigzed throughout the
Department, and made available to engineers who arse not in the
Department.

X % k%

DR, EVCRSLEV: I appreclate the invitation of the Department to
attend these meetings, and I have listened with great intesrest

to the practical data they have brought feorith and to the suggest-
ions of research on varisus practical problems, The practicing
engineer, of course, will be most interested in the furtherance
of research concerning the special problems of the projects he

ig connected with. Such research shnuld be carried sut whenever
there is ar apportunity to d» so. It is essential, however, to
give gome th-ought to the more abstract problems of the basic
properties of suils, such as stress and strain relationships,
hydrosbatic pressure in the porewater, conditions of failure, ete,
Unless nur kmowledge of these properties is considerably advanced,
we caymot hope to get full value of research on more practical
problems, nor can we 1nterpret properly the observations made on
actual structures,

* k% %

CaPT, DEaN: I concur heartily with the remarks about the need and
methods of limiting the program to something reascnable., This
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conference has dnne much bo awsken 2ll of us to the need for
gpecific data. We should get research data whenever that can
readily be done in connection with normal construction and then
siisuld distribute results to others interested.

% ok W W

MR, CROSBY: I wish tn emphasize further what I sald yesterday
about the desirebility of cnoperation between the fields of
genlogy and soils mechanics and t- hope that it mey become more
razl in the future. I think it has been recognized by some who
haven't put it in practice.

* * L] -

DR, GILBOY® I have said nmy say. It has been a great pleasure

to ses you all and I hope you will repeat this sort of get-together
quite often. v w kK

DR, CASAGRANDE: I believe that this meeting has been very
successful, Somehow I feel that we could squeeze more thoughts
from the brains of some of Hur members, A nuwmber have said nothe
ing but have thought & lot. Perhaps they didn't dare to say it.

I recormend that everyonc be invited to contribute any additicral
information by means of written discussions.

In closing, I believe that we should pubt into the permanent
record »f this conference something we all know but vhich has not
been expressed in words. Namely, that the success of this cone-
ference is primarily due to the work which Capiain Stratton has
done in preparation far this conference and to the admirable way
in which he has handled the meetings, I propose a rising veote of
thenks to Captain Stratton,

* * * *

CAPT, STR&ATTCN: We moy now consider ourselves in adjournment,

oo W N
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K. B, Nielson Erngineer Providence District
F. E. Faklguist Geologist Providence District
W. I. Kenerson Aset. Technologist Providence District
C. M. Hearn Asst. Engineer Providence District
R. 8. Johknson Junior Engineer Providence District
G. J. Nold Major, C. BE. Binghamton District
F. P, ¥ifer Prin. Engineer Binghamton District
J. L. lathan Sr. Engincer Binghamton Digtrict
B. K. Hough, Jr. Enginecr Binghamton District
R. M. Halopns Assoc. Engineer Binghamton Distriet
E. M. Tuacix finghamion District
J. F. C. Hyce Major, C. E. - New York District
J. M. Bucgley 5r. Engineer New York District
C. K. Panish Lngincer . New Yok District
J. A. Rocnsy Hew York Digiriet
J. P. Dean Captain, C. H. U:8, Military Academy

H-1
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Title

South Atlantic Division

. Neuman
. Babson

¢ bt

T. Miller
L., Meara
G. Groves

. P. Hawke

¢, Tripp
Bird

D. Howe
Candrick

C. Schrontz

Gulf of Mexico Division

Major, C. H.

Coptain, C. E.
Agsoc. Engineer
Ingpector
Ingpector

lst Lieut., C. EH.
Sr. Engineer

Sr. Engineer
Jr. Engineer

Assoc. Engineer

. B. Wilvy

Park
R, Shaw

. B. Weston, Jr.

. 3. Besson

. Woods

Upper

Colonel, C. E.
Colonel, C. RE.
Major, C. E.

Asgt. Enginecer
Lt' COl. [} Cc E-

Great Lakes Division

Sr. Engineer

F. Griffin
F. Mnclish

B. Fleming
0. Ackerman

G. Matthows
E. Abbott

5. Reinecke
M. Kniestedt

Lower

Mississippi Valley Divigion

Prin. Engincer
Enginecr

Lt. Col., C. E.
Assoc. Engineer

Cavtain, C. E.
Sr. Engineer

Lt. Col., C. E.
Sr. Engineer

Misgiseippi Valley Division

Senour

C. Davis

. J. Buchanan

Prin. Enginecer

1st Lieut., C. E.
Enginesr

H-2

Office

Division Office
Division Office

Baltimore District
Baltimore District
Baltimore District
Baltimore District

Washington Distriet
Washington District

Norfolk District
Charleston District

Jacksonville District

Division Office
Mobile Digtrict
Mobile District
Mobils District

Galvaston District
Buffalo District

Division O0ffice
Division Office

3t. Panl District
St. Paul District

Rock Igland District
Rock Islnnd District

St. Louis District
S5t. Louis District

Division Office

U.5. Waterways Expefiment

Station
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Lower Mississivpi Valley Divigion

Title

. L. Wells

. H. Jervis

C. Baehr

. B. Slicnter

F. Cumming

G. Powell
L. Bloor
B. Burwell, Jr.

Smith

. R. Philippe

D. Sturgis

. P. Hartman

. E. Barnes

Terpen

. B, Brown, Jr.

S. Besson, Jr.

. D. Lang

=i

. Jakobhsen

C. Hill

. W. Miller
. A. Robeson

Hansen
D. Freeman

Kramer
C. Flach, Jr.
W. Persons

(Continued)
Asst. Engineer

Asst. Tngineer
Asst. Engineer

Missouri River Divigion

Engineer
Engineer

Ohio River Division

Colonel, C. E.
Senior Engineer
Geologist
Major, C. E.
Engineer
Caytain, C. E.

Assoc. Engineer

North Pacific Division

Captain, C. E.
Senior Engineer
Asst. Engineer
lst Lieut., C. E.
st Lisut., C. H.

South Pacific Division

Senicr Engineer
Captain, C. E.

Engineer
Asst, Engineer

Southwestern Division

Asst. Engineer
Jr. Engineer

Captain, C. E.
Jr. Engineer
Asst. Engineer

H~3

Qifice

Memphis Diastrict
Vicksvurg District

2nd New Orleans District

Division Office

Fort Peck District

Division Qffice
Division Q0ffice
Division 0ffice
Nashville District
Pittsburgh District

Huntington District

Louisville District

Division QOffice
Division 0ffice
Division Qffice
Portland District

Seattle District

Division Office
Sacramento Distriet

Los Angeles District
Los Angeles District

Little Rock District
Little Rock District

Conchas District
Conchas District
Conchas District



